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Abstract

Sodium Fast Reactors (SFR) show promise as an effective way to produce clean safe
nuclear power while properly managing the fuel cycle. Accurate computer modeling is an
important step in the design and eventual licensing of SFRs. The objective of this work was to
couple a model for metal fuel performance to a sub-channel analysis code to more precisely
predict critical phenomena that could lead to pin failure for steady-state and transient scenarios.
The fuel code that was used is the recently developed and benchmarked FEAST-METAL code.
The sub-channel analysis code that was selected is COBRA-IV-I. This code was updated with
current correlations for sodium for pressure drop, mixing, and heat transfer. The new code,
COBRA-IV-I-MIT was then validated with experimental data from the Oak Ridge National
Laboratory (ORNL) 19-Pin Bundle, the Toshiba 37-Pin Bundle, and the Westinghouse
Advanced Reactors Division (WARD) 61-Pin Bundle.

Important topics that were addressed for coupling the codes include the following. The
importance of azimuthal effects in the fuel pin: FEAST only evaluates the fuel in two-
dimensions, assuming azimuthal symmetry; however, coupling to COBRA produces an
azimuthal temperature distribution. The acceptability of assuming a two-dimensional fuel rod
with an average temperature was examined. Furthermore, how the fuel pin evolves over time
affects the assembly geometry. How well a two-dimensional fuel rod allows for an accurate
description of the changing assembly geometry was also considered. Related to this was how the
evolution of the assembly geometry affects its thermal hydraulic behavior, which determined the
exact form of coupling between the codes.

Ultimately one-way coupling was selected with azimuthal temperature averaging around
the fuel pin. The codes were coupled using a wrapper, the COBRA And FEAST Executer
(CAFE), written in the Python programming language. Data from EBR-II was used to confirm
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and verify CAFE. It was found that the number of axial nodes used in FEAST can have a large
effect on the result. Finally FEAST was used to parametrically study three different pin designs:
driver fuel, radial blanket, and tight pitch breed and burn fuel. This study provides data for pin
expected life in assembly design.
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Chapter 1. Introduction

1.1. Motivation

As the twenty-first century progresses the demand for inexpensive carbon free energy
will continue to rise. With seemingly no viable alternatives, nuclear power will likely be a key
supplier of that increasing power demand (1). Currently most operating nuclear power plants in
the world are Light Water Reactors (LWR); however, innovative reactor designs with improved
safety and performance features look promising for future deployment. Six advanced reactor

concepts have been proposed as Generation IV reactors (2).

One of these six designs, the Sodium Fast Reactor (SFR), has gained considerable
traction. Prominent American SFR designs such as the S-PRISM (a GE Hitachi SFR design)
(3)(4)(5)(6) and the Traveling Wave Reactor (TWR, a TerraPower reactor design) (7)(8)(9) exist
with increasing promise of one day being constructed. There is already experience with
construction and operation of experimental and prototype SFRs in many countries. A partial

listing is shown in Table 1-1, for a complete listing of SFR designs consult the International
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Atomic Energy Agency (IAEA) Fast Reactor Database (10). Finally, the SFR has been shown

as a technically viable way of closing the nuclear fuel cycle (2).

An important hurdle that must be overcome for all novel design concepts for nuclear
applications is verification of safe and successful operation. One way of accomplishing this is
through the use of computer simulation. Codes Based on first principles and previously
developed correlations can be benchmarked with previous data from experimental reactors, and

then applied to new reactor designs.

This work focused on the modeling of two facets of SFRs, fuel performance and thermal
hydraulics, and the coupling of these models to provide a better description of the behavior of
cach. The main purpose of this work was to couple a thermal hydraulic model and a fuel
performance model together. This allows for the ability to predict and model both phenomena
more accurately because feedback effects between the two are accounted for better with a
coupled model. A more detailed discussion of all the objectives of this work occurs in Section
1.3.

Table 1-1- List of countries with SFR experience and some of the corresponding reactors in those
countries, for a more complete list consult the IAEA database (10).

Country Reactor
America Experimental Breeder Reactor-1l (EBR-I1) (11)
Fast Flux Test Facility (FFTF) (12)
China China Experimental Fast Reactor (CEFR) (13)
France Phenix (14)
SuperPhenix (15)
India Fast Breeder Test Reactor (FBTR) (16)
Prototype Fast Breeder Reactor (PFBR) (17)
Japan JOYO (18)
Monju (19)
Russia BOR-60 (20)
BN-600 (21)

22



1.2. Background

1.2.1.Sodium Fast Reactors

The major distinguishing features of an SFR from other reactor types are listed in its
name. An SFR uses liquid sodium as a coolant and operates with a fast neutron spectrum.
Beyond these two defining properties, SFRs can take on a number of different incarnations. An
example of variety in SFRs at very high-level design is the reactor configuration, which can be
of the loop or pool type (22). Table 1-2 below lists some basic design ranges from Generation
IV SFRs.

The design features of the SFR imbue it with varied functionality and engineering
challenges. For example, the SFR design can support a conversion ratio that allows it to be run
as either a breeder or burner reactor. The sodium coolant offers increased heat removal
capability due to its high thermal conductivity, and is minimally corrosive to steel; however, it is
highly reactive with water and air. Furthermore the use of sodium coolant allows SFRs to be

operated at near-atmospheric pressure.

Table 1-2- Design parameters for Generation IV SFR designs (2).

Reactor parameter Reference Value

Outlet Temperature 510-550°

Pressure Near Atmospheric

Power Rating 1000-5000 MWth

Fuel Oxide, metal, carbide or nitride alloy

Cladding Material Ferritic-Martensitic or low swelling
Austenitic alloys

Average Burnup 100-200 GWD/MTHM

Conversion Ratio 0.25-1.30

Average Power Density 350 MWth/m?
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One thing that remains constant in SFR design is the general assembly design. SFR
cores, like LWR cores, are broken up into units called assemblies. SFR assemblies are arrays of

fuel pins, often wrapped with spacer wires for stability, through which the sodium coolant flows.

While the fuel pin is a constant in SFRs, the fuel material used inside of them can vary.
Listed in Table 1-2 are many of the possible options for SFR fuel. The two options that are most
common for SFR designs are oxide and metal fuel. While oxide fuel is appealing due to the
large amount of operating experience in LWRs and good chemical stability with the cladding
material, metal fuel is the focus of this thesis. Metal fuel has myriad advantages and
disadvantages as a fuel type. Table 1-3 shows a comparison of the properties of the two fuel
types. Notably, metal fuel has a higher heavy-metal density and thermal conductivity, which is
desirable. Furthermore, properly designed metal fuel experiences low Fuel Clad Mechanical
Interaction (FCMI) however it interacts chemically with the clad (23). A major disadvantage of
metal fuel is its low melting point which would be even lower without Zirconium, which is
alloyed into the fuel. Figure 1-1 shows the phase diagram for a Plutonium-Uranium system,
while the melting temperature is high for systems with primarily uranium, the eutectic melting

temperature is close to only 900 K (24).

For a considerably more detailed description on Sodium Fast Reactors consult Tang et al.

(22).

Table 1-3-Comparison of properties of uranium oxide fuel (25) to metallic alloy fuel (23).

Property U-Pu-10Zr uo,
Theoretical Density at room 15.8x10° 10.97x10°
temperature (kg/m°)

Heavy Metal Density (kg/m°) 14.22x10° 9.67x10°
Melting point (°C) 1080 2800
Thermal conductivity average 15 3.6
200-1000 °C (W/m°C)

Specific heat at 100 °C (J/kg°C) 80 247
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Figure 1-1- Phase diagram for Plutonium-Uranium system (24).

1.2.2.Sub-Channel Analysis

The method that was used in this work for the thermal hydraulic modeling of SFRs is
sub-channel analysis. The basic principal behind sub-channel analysis is standardizing the
porous body control volume equations for a well defined layout (26). The porous body approach
treats a system by dividing it up into regions and assigning values to properties based on volume
averages for that region. The well defined layout for sub-channel analysis is fluid flowing in
connected channels, which are the conditions of a nuclear fuel assembly. As such, sub-channel

analysis is an effective way to examine the fluid behavior of a nuclear fuel assembly.

There are various ways to assign exact sub-channel geometry to an assembly; the method
used in this work will be coolant centered channels. For a hexagonal assembly this divides the
assembly into many small triangles with their vertices being at the center of each fuel rod. This

is shown for a small 19-pin assembly in Figure 1-2.
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In addition to the many regular triangular sub-channels that are formed there are some
non-triangular shaped channels at the edges of the assembly. These channels are called edge and
corner sub-channels and are illustrated in Figure 1-2. The regularly shaped triangular sub-
channels are referred to as interior sub-channels. While the true shape of the sub-channels is
triangular, the solid fuel rods eliminate some of the free area where fluid can flow, resulting in

the flow area for the channel.

For SFR assemblies there is an additional geometric feature that is not shown in Figure
1-2." A wire is wrapped around each fuel rod to give rigidity to the assembly and to promote
cross flow, which is discussed below. To fully define the assembly cross-sectional geometry for
sub-channel analysis the geometric parameters listed in Table 1-4 are needed (this does not

include values needed to be defined in the axial direction).

In addition to dividing the cross-section of the assembly into cells, the assembly is
nodalized axially as well. The length of a node axially is generally on the order of a few
centimeters. The fully nodalized assembly is completely broken down into small control
volumes each of which communicates with surrounding control volumes based on conservation

cquations.

Sub-Channel

aE\,\ [nterior

Sub-Channel

Fuel Rod

Edge Sub-Channel J\f“? =

Corner Sub-Channel \‘?\_1

Figure 1-2- Cross-sectional view of a 19-pin SFR fuel assembly with the channel centered
geometry definitions for sub-channel analysis overlaid.

Flow Area
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Table 1-4- Range of typical geometric values for SFR assemblies.

Geometric Parameter Range of Sample Values

Number of Fuel Rods 7-271

Fuel Rod Diameter .584-1.32cm

Fuel Rod Pitch or Pitch to Diameter Ratio 1.082-1.24 (p to d ratio)

Inner Flat to Flat Distance Dependent on number of fuel rods
Wire Wrap Diameter .094-.142cm

The single phase conservation equations for a sub-channel j can be written as follows (for
a derivation up to this point refer to Nuclear Systems II: Elements of Thermal Hydraulic Design
by Todreas and Kazimi (26)). Please note the notation presented here is slightly different from
the book to match the notation used in Chapter 2 which presents the equations employed in the
sub-channel code selectéd. The notable differences are that x is used for the axial direction and

the subscript j denotes the current sub-channel, while the book uses z and i for these purposes.

Continuity
. I
o) am,
Afja(Pj>+E=—Z Wj; 1-1
=1
Energy
. D
* . pj
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Transverse Momentum

5 A A 4 Fj,
52 040+ 7 (Wie2)) + 5 (W) = = (57 22 0) = {7 )

Where the variables are defined as:

A¢ Flow area

F Form loss coefficient

h Enthalpy

I Number of adjacent sub-channels
m Mass flow rate

p Pressure

p Density

q’ Linear heat rate

s Gap distance between fuel rods

v Velocity

\Y Mass transverse flow rate

WM Momentum transverse flow rate

W' Energy transverse flow rate

And the sub/superscripts mean:

] The sub-channel
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i An adjacent sub-channel

1,1 Between sub-channel j and i
X In the x (axial) direction

y In the y direction

z In the z direction

Effective amount transported by diversion cross-flow rate

Previous axial level

The first of the four equations, the continuity equation, conserves the total amount of
mass in the cell, in the units of mass per unit length. It consists of three terms in total. The first

term represents the change of the mass in the cell with time.

5
Arj 5P 15

The second term is the mass that enters the cell in the axial direction. This is the mass that flows

into the cell from the previous cell (or perhaps in some harsh transients with flow reversal from

the next cell).
Am,

The final term is the crossflows from the adjacent cells.
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- Z Wj; 1-7

In a similar way the other equations track the momentum and energy for the cells, the
purpose of each term is explained in Table 1-5. A sub-channel analysis code uses these
equations along with closure relations (for mixing, pressure drop, and heat transfer), to model the
fluid behavior.

An alternative method to sub-channel analysis that was considered for application in this
work is Computational Fluid Dynamics (CFD). CFD is capable of obtaining much finer
resolutions than sub-channel analysis methods because it divides the volume up in to a much
finer mesh. This increased accuracy comes at the price of computational efficiency. Sub-
channel analysis is capable of modeling much larger domains of both time and space than CFD
(27). For the purpose of coupling a fluid model to a fuel model many design iterations will be
necessary for assemblies with long run times (on the order of years), thus sub-channel analysis
was the chosen approach. This is not to say that CFD has no place in the future of this work. A
possible way to provide ever better models for certain phenomena may be to explore them with

CFD when experiments are too costly or difficult.
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Table 1-5 — A breakdown of the Energy and Momentum equations used in sub-channel analysis by terms with descriptions of each term.

Equation Terms and Description
5 4 ZW*” ' v
. K * ]
A5 lom)] | 2= lmyhy] @i ) Z Will's | Ap5-
— h ] =1
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Ch n . , Ene E h
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1.2.3.FEAST

The tool that will be used in this work to model the fuel performance of SFRs is the Fuel
Engineering And Structural Tool (FEAST) (23)(28)(29). Two versions of FEAST were
developed, FEAST-METAL and FEAST-OXIDE. Since the interest of this work is metal fuel
FEAST-METAL is the version employed and will hence forth be referred to as just FEAST for
brevity.

FEAST was developed to fully model a metal fuel pin, which includes the fuel, the
sodium bond, the clad, and the fission gas plenum. FEAST nodalizes the fuel pin in the radial
and the axial direction, while assuming there is symmetry in the azimuthal direction. The axial
direction supports up to 20 nodes, while the radial direction can have up to 8. The radial nodes
must be split between the fuel and the clad; the recommended split is to use 6 fuel nodes and 2

clad nodes (23). This is shown in Figure 1-3.

FEAST was written in Fortran-90. FEAST employs several different modules and

couples them using an explicit numerical solution algorithm. The modules in FEAST are (23):

1) Fission gas release and swelling
2) Fuel chemistry restructuring

3) Temperature distribution

4) Fuel clad chemical interaction

5) Fuel and clad mechanical analysis

6) Transient creep-fracture in the clad

These models allow FEAST to analyze a fuel pin for both steady-state and transient conditions

and predict critical phenomena that could lead to pin failure. -

The required inputs to run FEAST include the pin geometry, the fuel composition, and

the complete history of the pin. The history of the pin includes the power, flux fission rate, and
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clad temperature or coolant temperature and heat transfer coefficient as functions of time.

FEAST has been benchmarked with the currently available metal fuel data from EBR-II and has
proven accurate (23)(28)(29).

Cross Scctional View

o] N

Figure 1-3- Diagram of the nodalization employed by FEAST, the fuel rod is divided in to nodes

along the axial direction (left) and the radial direction while being assumed azimuthally
symmetric (right).
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1.3.  Objectives

The over-arching objective of this work was to produce a coupled model for thermal
hydraulic and fuel performance for SFRs. Fuel performance is highly sensitive to coolant
temperature; the accuracy of predictions made by any fuel performance model will be only as
good as the coolant information used. Any user wishing to employ a fuel performance model
has to make some assumptions about the thermal hydraulic behavior of the coolant. The
information usually available is the coolant inlet temperature and the pin linear power, along
with either the coolant mass flow rate or outlet temperature. The latter two could apply either to
the pin specifically or to the assembly. Without the coupling of a sub-channel analysis code, a
simple one-dimensional energy balance must be assumed for the coolant. Peaking factors can be
introduced to increase accuracy; however, phenomena like mixing can never be captured with a

simple model.

Figure 1-4 shows the difference between the axial temperature distributions between
COBRA (the sub-channel analysis code ultimately selected for this work) and the simple coolant
model used in FEAST for a sample pin. The difference is as much as 10 °C at some axial
locations. Differences such as this can produce major discrepancies in predicted performance,

which is described in Section 5.1.

Further value of coupling a fuel performance model to a thermal hydraulic model, like
sub-channel analysis, is the ability to examine multiple pins from an assembly as the coolant
behavior of the entire assembly is given by such a model. While peaking factors can often be
used to approximate the coolant conditions for a hot fuel pin, predicting the coolant behavior for

pins in the periphery of the assembly is not as straightforward.

The coupling of the two models was broken down into three sub-objectives. Firstly a
suitable model for the thermal hydraulics was needed. At the start of the project the fuel model,
FEAST, was already in hand, however this was not the case for the coolant model. Second, the
two models needed to be coupled together. Finally, the coupled model needed to be tested and

applied. The outline below shows these objectives with sub-tasks listed.
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Figure 1-4- Comparison of the axial coolant temperature profile produced by the models in
FEAST and COBRA, taken from Figure 5-4 in Section 5.1 where a more thorough discussion of its
context can be found.

) Obtaining a suitable sub-channel analysis code (Chapters 2 and 3)

1) Several sub-channel analysis codes existed as potential candidates for coupling, the first

task was to select an appropriate one for use and evaluate it. (Section 2.1 and 2.2)

2) After the sub-channel code was selected, evaluating the current features of the code and
adding/improving the missing/desired parts was next. Specifically, constitutive relations for heat
transfer, pressure drop, and flow mixing needed to be examined to ensure they were capturing

the operating domain of interest with a reasonable accuracy. (Section 2.3)
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3) Benchmarking and validation was the final step for preparing the sub-channel analysis
model. Sources for validation of the sub-channel code were previous experiments, for example
the ORNL 19-pin test bundle. (Chapter 3)

1) Coupling of the fuel and sub-channel codes (Chapter 4)

4) After completing the development of an up-to-date sub-channel analysis code, it was
coupled with FEAST. The method of coupling was such that there is only one input file and
execution to produce results (no intermediate formatting or commands were needed by the user).
However at the same time cach code was preserved in a way that independent development of

each can be carried out and easily adapted to the coupled version. (Section 4.4)

5) One challenge to coupling the codes was the effect of azimuthal variations of the clad
temperature on the fuel performance. FEAST is a two dimensional code examining only the
axial and radial directions of the fuel, while sub-channel analysis provided the coolant behavior
around the fuel rod. This effect was studicd to determine its importance and how to address it

when coupling. (Section 4.2)

6) In implementation of coupling the codes, the question of computational efficiency of the
communication between the two codes was addressed. This point was important to ensure that
the coupled program runs in a reasonable amount of time. Because of the stiffness of the fuel
governing equations, FEAST has to be run with fairly short time steps (on the order of tens of
seconds), even at steady-state. On the other hand, the thermal-hydraulic behavior of the
assembly at steady-state evolves over periods of days, weeks, or months. A further extension of
this problem was determining what directions between the codes information was passed. As
described above, the evolution of coolant behavior affects the fuel performance, however the

evolution of the fuel, to a lesser degree, affects the coolant behavior. It was necessary to
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determine if the magnitude of this effect was great enough to warrant two-way communication
between the codes, which would significantly affect the overall computational efficiency.

(Section 4.1 and 4.3)

) Validation and application (Chapter 5)

7) Ideal benchmarking of the coupled code would look at data consisting of fuel
performance results from multiple pins from an assembly with known operating conditions.
Unfortunately data sets such as this could not be found in the literature. Since benchmarking and
validation of the combined code was still required, more creative means were necessary. The
combined model was compared to experimental data and FEAST results for fuel pins to examine

its validity. (Sections 5.1 and 5.2)

8) The completed model allows the examination of any pin from an assembly. It was
necessary to determine how the performance of pins in cooler regions of the assembly compared

to that of the hot pin. (Section 5.3)

9) The ability to examine the fucl performance of any pin in the assembly can allow for
better design, but beyond the hot pin it is not obvious which pins need to be examined to ensure
the postulated thermal limits are met. Assemblies can consist of up to 271 pins, which would be
a rather daunting number of pins to examine. A parametric study was conducted to determine
fuel pin limits based on different gcometry and operating conditions, with a goal of determining

a set of guidelines for what pins to examine when looking at an assembly. (Section 5.4)
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Chapter 2. Sub-Channel Code Selection
and Upgrade

2.1. Code Selection

Selecting the sub-channel analysis method is the first step to choosing the code to use for
modeling the thermal-hydraulics for the coupling. The pros of using an existing sub-channel
analysis code were weighed against writing a new code. Writing a new code had many enticing
benefits. A new code could be tailored to do specifically what is required; the solution scheme
could be designed with its intended use in mind. Furthermore, the code would be modern and
understood because there would be no need to decipher sparsely commented codes written in
archaic programming languages. However, the time investment required to prepare a code from
scratch was considered too steep if a code already existed that contained most of the features
required. Considering the vast field of choices that already existed, dozens of sub-channel
analysis codes (e.g. VIPRE, COBRA, and SLTHEN) and many more codes that can be used as
sub-channel analysis codes (e.g. RELAP), it was likely a suitable code could be found.
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Important criteria were identified, and then cross-referenced with the available codes so the best

choice could be made.

2.1.1.Criteria

The complexity and features of sub-channel analysis codes can vary greatly depending on
their intended application. It was necessary to choose a code that was suited for the purposes of
examining sodium fuel assemblies with an emphasis on coupling to fuel behavior. The

following criteria were deemed important features for the code to have:

-Can handle sodium as the fluid: This is an obvious criterion however many sub-channel
analysis codes are written for water as the fluid. While it was possible that such a code could be

selected and adapted for this purpose it would have involved considerable changes to the code.

-Supports hexagonal geometry with wire wrap: Most sodium fuel assemblies are packed
into a hexagonal geometry because it allows tighter packing, and have wire wraps to promote

mixing. The code must be able to handle this geometry.

-Capable of both steady-state and transient analysis: Time scales of these different modes
of operation can be vastly different, possibly requiring different solution schemes and

correlations. Both modes of analysis were desired.

-Contains a transverse momentum equation: The transverse momentum equation helps
describe the transfer between cells radially. Some codes implement correlations in place of this
equation. Eliminating unnecessary correlations means a more physical model and requires less

benchmarking.

-Employs up to date correlations: Many sub-channel codes were written decades ago, and
as such many experiments have since been conducted that have added to the empirical data
available for places where correlations are necessary. Out of date correlations were the easiest of
the above criteria to overlook as new correlations could be implemented without major changes

to the code.
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While these five requirements provided a good description for what the code should be
there was an additional requirement that superseded them. Any potential code must have an
available source code. Even an ideal sub-channel analysis code for this purpose required access

to the source in order to couple it to FEAST.

2.1.2.Sub-Channel Analysis Options

Below is a listing of existing sub-channel analysis codes, this list is not exhaustive due to

the sheer number of variations on codes that exist.

ASFRE Japanese sub-channel analysis code that is used for fast breeder reactors
(30).
COBRA Code commissioned originally by the Atomic Energy Commission (AEC).

Later versions, which included support for sodium reactors were

developed at Pacific Northwest Laboratory (31)(32)(33).

MATRA LMR Korean code for liquid metal reactors based on MATRA which was in turn
based on COBRA. MATRA LMR improves COBRA in structure,

capabilities and new models (34).

RELAP Not traditionally a sub-channel analysis code however which can be used
as one (35).
SABRE A British line of codes originally developed for the treatment of

blockages in sodium assemblies. The code was improved on many times
with different versions adding capabilities for transient and boiling

calculations (36).

SLTHEN Code based on SuperEnergy, sharing many of the same benefits and
drawbacks (37).
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SuperEnergy Code developed at MIT, its predecessor was the ENERGY code. In this
code the energy and momentum equations are decoupled allowing for less

computational time at the cost of more correlations (38).

VIPRE Code based on COBRA for water only (39).

Many of the codes on this list were quickly climinated for one reason or another. VIPRE
is a sub-channel analysis code used for water, the amount of work to change it for use with
sodium was not worthwhile considering different evolutions of its predecessor (COBRA) were
designed specifically for sodium reactors. Many foreign codes are very similar to American
codes but much harder to obtain (ASFRE, CADET, SABRE). Other codes like RELAP can be
used in a non-conventional way as a sub-channel analysis code; however, it requires the use of a
very large number of junctions, which makes setting up the input file very cumbersome (35).
Table 2-1 below contains a pared down list of the most promising codes, with their most current

versions listed, and the important criteria that they do or do not satisfy.

The final code listed, COBRA-IV-I satisfied the most important column, availability, and
almost every other requirement. The only other code readily available was SuperEnergy?2 and
that lacked many capabilitics. COBRA-IV-I did have some drawbacks, the main one being its
age, the IV-I version is from 1976, which evolved from codes written 10 ycars before that.

Nonetheless it was the best choice.

Table 2-1- Comparison of possible sub-channel analysis codes considered for use based on
properties deemed necessary for the chosen code.

Transverse

Hexagonal Transient Momentum Current
Code Geometry Analysis Equation Available Correlations

Limited number
SuperEnergy2 of rings No No Yes No
SABRE4 Yes Yes Yes No No
MATRALMR  Yes Yes Yes No Yes

Limited number
SLTHEN of rings No No No Yes
COBRA-IV-I Yes Yes Yes Yes No
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2.2. COBRA-1V-]

2.2.1.Code Structure and Initial Changes

Initial changes were made to the COBRA code so it could be compiled and run on
modern machines. The code was designed to be run on ancient computers such as a CDC-7600,
a CRAY, or an IBM360. The language used for the code was Fortran IV, the version developed
in 1961 predecessor to Fortran 66. Due to the premium on computer memory 45 years ago, an
additional program, called SPECSET accompanied COBRA to resize arrays based on the size of
the problem. These common blocks were inserted into the code with the “include” statement,

however maximum sizes for arrays must still be set before the executable is compiled.

Table 2-2 shows what variables are sized by this program along with the reasonable
values used to compile the program that should allow for most assemblies to be run without
recompiling. Ifit is desired to run an assembly that does not fit these characteristics the code can

be recompiled.

A second additional program also accompanies COBRA called GEOM. GEOM creates
geometry files that arc needed to run COBRA using simple geometry inputs. A wrapper
program was designed to run both GEOM and COBRA. This program makes entering the input

and running both programs easier and more efficient.

COBRA itself is composed of many sub-routines ranging from ones as simple as
HCOOL, a sub-routine used to determine heat transfer coefficients, to more complicated ones
like SCHEME and XSCHEM. These two routines are of particular importance because they
perform the steady-state implicit and transient explicit solutions, respectively. A description of
all the sub-routines can be found in (31). Figure 2-1 shows the diagrams for SCHEME and
XSCHEME, while Figure 2-2 shows the overall flow diagram for the program, and where
SCHEME and XSCHEME fit in.
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Table 2-2-Listing of arrays that must be sized with the program SPECSET before COBRA can be
compiled. Values given are those used to compile so most SFR assembly geometries can be
examined.

Parameter Description Maximum value
Name for current version
MP Cards in property, axial heat flux, and forcing function tables 601

MC Sub-channels 546

MG Sub-channel gap connections 816

ML Axial locations for gap and area variation 10

MX Axial nodes plus one 451

MN Fuel collocation points plus three 6

MT Fuel types 4

MR Fuel rods 271

ME Same as MX 451

MZ Axial locations for grid spacers 12

MK Number of grid spacer types 5

MA Sub-channels that can have area variation 42

MW Wall connections 24

MY Axial fuel type divisions 5

MO Array width 5

Mmi Connections to a channel 24

MS Gaps that can have gap spacing variation 60

The implicit solution scheme uses a lumped parameter finite difference method to solve
the conservation equations (Equations 1-1 through 1-4 in Section 1.2.2). The final formulation

for these equations is shown in Equations 2-1 through 2-4 (31).

Continuity

(i = 5)) AL

= ~[DC]"W; 2-1

The matrix operators [DC] and [DC]" are the finite difference and summing operators,

respectively. A bar over a variable denotes the previous time quantity.
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Figure 2-1- Flow diagrams showing the calculation procedure used in SCHEME and XSCHEM, the
sub-routines used by COBRA-IV-I to calculate the implicit and explicit solution schemes (31).
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Energy

A'p(h; = hy) N m;_1(h; = hj_1)
At Ax
=q' = [[DC)"h;W; + [DC]I"W'[DCIh; — hy[DCTTW;] + Q4
+[DC]c[DC)} + [DW]TU, (T — T))

2-2

In this equation U represents the overall heat transfer coefficient, the subscript w denotes
wall, ¢ is the thermal conduction coefficient, and the operator [DW]" is similar to [DC]" but
orders by wall connection rather than sub-channel. These appear in terms that were not in the
original energy Equation 1-2, as they were either assumed negligible (radial conduction) or not

accounted for (wall heat transfer). Additionally, the term Q4 is new and accounts for axial
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conduction. The set of bracketed terms at the end of the first line of the equation are equivalent
to the two summations in Equation 1-2, having slightly different definitions of crossflow rate

adds the additional complexity.

Axial Momentum

m; —my x mjy;
T+ [DC]tujo + (

_ mj—luj—l)
Ax

(P le)

= —gA'pcos(8) — — [DC"W'[DClu; — Kym?

The terms in this equation match up one to one with Equation 1-3, the only differences
being that u is used for velocity in place of v and the cos(8) term accounts for the possibility of a

non-vertical geometry. The last term is the loss due to friction.

Transverse Momentum

S S , COS 8
l

W;: — W; Uu; wi Wj_1 _—
j j+< J Vi } 17— [DC]P]__l l[S][DC] p*SZ 2-4

S
At Ax >+chwf B

The second and third terms in Equation 1-4 are combined into the second term in the
equation above; this can be done because the control volume is selected so that no lateral flow
exists across transverse surfaces. For this same reason Ax’ can be written as /, the characteristic
gap length. The new term on the left hand side of the equation is a conduction term, while the
terms of the left match up to Equation 1-4 as pressure drop and friction loss terms. The new

operator that appears, [S], is a summing operator similar to [DC].
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for the explicit energy equations.
Dashed lines show the boundaries of
the Mass-Energy Cells (31).

The explicit solution scheme is a pressure-
velocity solution method with an implicit energy
equation. It uses Equations 2-5 through 2-8, whose

computational cells are shown in Figure 2-3 (31).

Continuity (Implicit)

1)
Aax2P 4 [DCY"W* 1 Ax + mIM — mMHL
St ] ] ] 2.5

— pn+l
= E]

Energy (Implicit)

6ph
sl [DCT"hiw[* 1 4x + m]* ]
ot 2.6

n+1y = —
—miZyhiy = Q;

Axial Momentum (Implicit)

At
mi*t = mft = AtM; — A——g (PR = PMYY) o

Transverse Momentum (Implicit)

— S 1
W]-n-“1 = an - AtVV}- - -l-gAt[DC]Pjn+ 2-8

The superscript n refers to the time step. The terms

Q, M, and W are lumped explicit terms for energy,

47



Ty

axial flow, and transverse flow, respectively. The term E in the continuity equation represents
volume dilation or volumetric error which is to be corrected by pressure adjustment in the
solution. Using Equation 2-9 which, relates density to enthalpy, with Equations 2-5 and 2-6,
Equation 2-10 can be derived for E; (31).

p= P(h;P*) 29

év év 6P
+1..% +1 % Tyyi+lp* ' 2-10
Ef =m}" v/ — mi v 1+ 4x[DCY W) —Ax——-Q AxA 6hp’ 5t

By further substituting Equations 2-6 and 2-7 into Equation 2-10 a pressure correction equation

is formed. The derivate of the pressure correction equation is (31):

SE; Ax szs
= g= -2 L 2-11
6P =97 A v+ v l[DC] v [DC]

The explicit solution proceeds by first calculating the flows in the momentum equations
(Equations 2-7and 2-8) using an initial guess or pervious cycle result for pressure. The cell
volume error and other quantities are now calculated with pressures and flows from the first
calculation. The amount of pressure change for the cycle is calculated with Equations 2-9 and

2-11 through the equation below (31).

op j )
o) = 55 2-12
5P

This change is used to calculate the other incremental changes to complete the cycle. The

solution is complete when E;’ falls below a set threshold (31).
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In addition to these fundamental equations several constitutive relationships are needed.
COBRA-IV-I contained many cutting edge correlations from its time; however since then there
have been many developments. Before any tinkering was donec with these relations a few

analyses were done to examine the validity of the code as is.

2.2.2.Reference Case

The first analysis conducted was a reference case to benchmark how well the code
performed without making any changes to it. The Oak Ridge National Laboratory (ORNL) 19-
pin test assembly was chosen as the reference case because it was a common test case for other
codes and because it contained data for both high and low flow cases (where different flow and
mixing effects are dominant) (40)(41). Table 2-3 shows the input parameters used in COBRA to

do the calculations.

The parameters are broken up into three groups. The first group is the geometric
parameters that were discussed carlier, the values needed to fully define the sub-channel
geometry. The second group is the system conditions which detail the specific operating
conditions of the experiment or simulation preformed. The final group is the calculation
parameters, which are values that COBRA needs as inputs but are not physical like the previous

two groups.

Several sources of data have been published from other codes that have also run these
cases. These include data sets from RELAP (35), MATRA-LMR, SABRE4 and SLTHEN (34).
However, in most cases the data was published in the form of a plot, thus obtaining values

introduced a certain amount of error to the values above what they previously contained.

Both cases were plotted with the initial result and comparisons to other codes and the
data from the experiment, as shown in Figure 2-4. The X-axis on these plots is sub-channel
number. The sub-channels to plot were chosen to show the behavior of the coolant across the
assembly. Figure 2-5 shows thc numbering of sub-channels for a 19-pin assembly. The values

on X-axis of Figure 2-5 make a path across the assembly.
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Table 2-3- Input parameters for the ORNL 19-pin test assembly to run COBRA for both high and

low flow cases.

Input Parameter ORNL
Geometry Number of Pins 19
Rod Diameter (mm) 5.84
Rod Pitch (mm) 7.26
Wire Wrap Diameter (mm) 1.42
Wire Wrap Pitch {m) 0.3048
Duct inside flat to flat distance (m) 0.0341
Total Length (m) 1.016
Heated Length (m) 0.5334
Lower Unheated(m) 0.4064
System Pressure (atm) 1
Conditions Inlet Temperature (°C) 315
Inlet Mass Flow (kg/s) 3.0378 /0.04087 (high / low)
Average Rod Power (W) 16975 / 263 (high / low)
Axial Power Distribution (max/avg) Uniform
Radial Power Distribution Uniform
Calculation Wire Pitch Fraction (6) 0.0417
Parameters Turbulent Mixing Factor (B) 0.01
Number of Axial Nodes 80

The Y-axis shows the value of the temperature of each cell at the end of the heated length in

relative temperature. Rclative temperature is defined by Equation 2-13.

Tj,rel = T

Where the variables are defined as:

Tire  The relative temperature for a sub-channel

out,avg — Ti

Tj,x - Tin

2-13

Tix  The coolant temperature of sub-channel j, at the location x where the relative temperature

is calculated, usually the the outlet or end of heated length
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Touave The bundle average coolant outlet temperature

Tin The coolant inlet temperature

The relative temperature of a channel is a unitless measurement; it is the ratio of the temperature
rise of the channel divided by the bundle average temperature rise. It is a convenient way to
measure temperature and is commonly used in the literature; however, caution must be exercised
when employing it because it is easy to disguise errors. It is better suited for determining if the
shape of the temperature profile is correct, saying little about the magnitude of the temperature
rise. In this way it lives up to its name as it is good for determining the performance of the code

for each channel relative to the others but not absolutely.

The high flow case shows good agreement of the data with COBRA, MATRA, and
RELAP. SABRE and SLTHEN show higher temperatures in the interior of the assembly and
lower temperatures on the periphery, which is caused by a greater fraction of the flow going
through the peripheral sub-channels. The high flow case shows that the correlations are working

well for this set of operating conditions.

Figure 2-5- Rod and sub-channel numbering for a 19-pin assembly with the cells bolded that
correspond to the temperature profile of Figure 2.5.
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The low flow case shows different behavior. The first thing of note is that every data
point from the experiment is below 1.00. However, with the definition of relative temperature
this is impossible; a weighted flow average of all the sub-channcls relative temperature should
yield unity. While every channel is not plotted on this graph, the center channels are, which are
expected to be the hottest becausc the power distribution across the assembly is uniform. It
stands to reason if the center channels are not even 1.00 then no other channel will be, making it

impossible for all the channels to average out properly.

The reason the experimental data is like this can be explained in many ways. The first is
measurement error; error in measurement accuracy for the various instruments used in the
experiment does not exceed 1% with the exception of flow measurement, 5% (42). So it is
unlikely this phenomenon was caused solely by measurement crror. The second is the way the
relative temperature was calculated in the experiment; the temperature used for the bundle
average was not a true bundle average outlet temperature. It was not calculated with the mass
flow and power or by flow averaging the temperature of every channel, but rather measured
downstream from the heated length with a single thermocouple (40). A third affect that could
cause this phenomenon would be improperly calculating the bundle average outlet temperature
by neglecting heat losses through the walls of the bundle. This effect does not apply here
because the bundle average temperature was not calculated, but will be important when the

phenomenon of all data points being below one appears again in Scction 3.2.3.

A plausible simple assumption that can be used when observing this phenomenon is that
the temperature profile across the assembly is approximately flat around unity. Comparing the
values of the actual outlet temperatures for the ORNL low flow case examined supports this
assumption; the outlet temperatures range from 783.6 °F to 785.9 °F (42), a difference of just 2.3
°F or just over one degree Celsius. As a final comment on this effect, while visible in this case
due to the nature of the data this error will be a part of all data scts even when not as obvious-the
high flow case for example does not look abnormal. Matching experimental data within 5% is a

reasonable goal for the code, much beyond that cannot be resolved.

The COBRA result does not match the low flow case well, neither does the MATRA
result. SABRE is the only one of the three to match the data well. This indicates that the

correlations for this regime need examination, as will be done in Section 2.4.
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2.2.3.Sensitivity Analysis of and Convergence of COBRA

The second analysis performed was to cxamine the transicnt capabilities of the code. A

parametric study looked at how both time step size and axial nodalization affected the code

performance for two separate accident scenarios for a generic assembly. The two accident

scenarios are an Unprotected Transient Over Power (UTOP) and Unprotected Loss Of Flow

(ULOF).

The input parameters for the sample assembly are listed in Table 2-4. The details of the

transient cases are shown in Figure 2-6 and Figure 2-7. The implicit solution scheme was used.

Table 2-4- Input parameters for a sample test assembly to run COBRA for a sensitivity analysis
for time step and node length.

Input Parameter

Sample Assembly

Geometry Number of Pins 271
Rod Diameter (mm) 8.8
Rod Pitch (mm) 9.85
Wire Wrap Diameter (mm) 1.05
Wire Wrap Pitch (m) .05
Duct inside flat to flat distance (m) 0.165
Total Length (m) 4.5
Heated Length (m) 2.5
Lower Unheated Length (m) 0
System Pressure {(atm) 1
Conditions Inlet Temperature (°C) 360
Inlet Mass Flow (kg/s) 49.2
Average Rod Power (W) 38773
Axial Power Distribution (max/avg) Cos 1.57
Radial Power Distribution Uniform
Calculation Wire Pitch Fraction () Based on axial nodes
Parameters Turbulent Mixing Factor () 0.01
Number of Axial Nodes varied
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Figure 2-7- Relative power and flow and inlet temperature for the UTOP transient as a function

of time.

The purpose of this analysis was twofold: to determine what reasonable node lengths

were and what time steps were practical for running the code with the implicit transient solution

(time step is set by the Courant limit for the explicit solution as described Section 4.1.2). This

was done by running various time steps and nodc lengths and determining how they affected the

time it took to run the code and the answer that it produced. For the purpose of determining the

validity of each result, it was compared to the result with the finest step for an error calculation.

The error calculation was performed simply with Equation 2-14.
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Error = ———— 2-14

The Root Mean Square (RMS) difference of the data can be also calculated and used to
determine the order of convergence. The formula for calculating the RMS difference is shown in

Equation 2-15 below.

J
1
RMS = ]—,Z(Xn,i —xm,i)z 2-15
i=1

In these equations j is the number of data points being compared and X, ; and Xn; are the
corresponding data points at time i. For the purposes of calculating error x,,; was taken as the
finest nodalization for the given case. With this definition the finest nodalization has identically

0 error.

Error was calculated for coolant temperature for both transients at several axial locations
and pressure drop for each channel type (interior, edge, and corner). The errors for the various
locations were of similar magnitude. The results presented below are for the outlet of the

assembly.

Table 2-5 shows the matrix of cases that were examined. For each transient both axial
node length and time step were varied, while one was examined the other was held constant.
Limits on sizes and lengths that could be examined were determined by various factors. The
maximum number of time steps was 100,000. If the time step or node length was too course the
code would fail to converge. The combinations examined represented the range of available

nodalizations.

The run time for the calculation is approximately linear with both nodalizations, as can be
seen by the similar values in the run time per nodes columns of Table 2-5. The run time per

axial node is significantly greater for the ULOF then the UTOP because there are more time
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nodes for the ULOF. All cases were run on the same computer with a Pentium 4 3.6 GHz

processor.

Figure 2-8 through Figure 2-11 show the error for the hot channel outlet temperature, as
defined by Equation 2-14 plotted as a function time. The larger node steps display greater error
than the smaller node steps as would be expected. The large initial error for Figure 2-9 is the
result of the the conditions of the ULOF transient changing so quickly initially, as can be seen on
Figure 2-6. The error for all the nodalizations stays mostly constant over time, with the time

nodalizations being slightly more variable than the axial oncs.

Table 2-5- Node lengths and time steps examined for the parametric study, and a comparison
their of the run times. The number of time steps is the length of the transient divided by the
time step size.

Axial Number  Time Number Run Time Run Time

Node Size of Axial Step Size  of time Run Time Per Axial PerTime

(cm) Nodes (s) steps (s) Node (s) Node (s)
ULOF 2 219 5 2400 2974 13.58

4 109 2 6000 2681 0.45

4 109 5 2400 1030 9.45 0.43

4 109 10 1200 681 0.57

6 73 5 2400 786 10.77
UTOP 2 219 0.33 900 750 3.42

4 109 0.1 3000 986 0.33

4 109 0.33 900 310 2.84 0.34

4 109 1 300 124 0.41

8 55 0.33 900 198 3.60
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The results of the RMS analysis for all three channel types for both temperature rise and
pressure drop are shown in Table 2-6. The RMS difference for the pressure drop is very small
for all cases, even the axial UTOP analysis which has channel errors of near 0.5 kPa because the

bundie pressure drop is hundreds of kPa.

The temperature rise data for the axial nodalizations shows little to no order. There is not
a monotonic convergence based on node size. This can be seen on Figure 2-12, which is a plot
of the node length data plotted on a log-log scale. On the order of 1 °C of variation occurs for the
corner and edge channels as the axial node size is changed in both transients, again though this
only a small fraction of the total temperature rise, which is over 200 °C for the duration of the

transients.

The data converges much better based on time step; with order of approximately 1 (the
regression value is .92). Figure 2-13 shows the data on a log-log plot, the lincar convergence can

be seen clearly.

Table 2-6- RMS data for temperature rise and pressure drop for a ULOF and UTOP simulated
with COBRA.

Root Mean Square Difference

Temperature Rise (°C) Pressure Drop (kPa)

Interior Edge Corner Interior Edge Corner

X Xm  XwXm  pannel  Channel Channel Channel Channel Channel
Time 2s 5s 3s 0.31 0.22 0.22 0.01 0.01 0.01
ULOF 5s 10s 5s 0.35 0.42 0.26 0.01 0.01 0.01
2s 10s 8s 0.66 0.58 0.47 0.01 0.01 0.01
Asial 2cm 4cm 2cm 0.44 1.34 1.42 0.03 0.04 0.03
ULOE 4dcm 6cm 2cm 0.09 0.25 0.45 0.00 0.01 0.01
2cm 6cm  4cm 0.53 1.12 1.00 0.03 0.04 0.05
Time 0.1s 0.33s 0.23s 0.03 0.02 0.02 0.01 0.01 0.01
UTOP 0.33s 1s 0.67 s 0.05 0.04 0.04 0.01 0.01 0.01
0.1s 1s 09s 0.07 0.06 0.06 0.02 0.02 0.02
Axial 2cm  4cm  2cm 0.02 1.95 1.34 0.16 0.19 0.17
UTOP 4cm 8cm 4cm 0.13 1.23 0.72 0.41 0.06 0.37
2cm  8cm  6cm 0.12 0.73 0.62 0.47 0.21 0.28
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The conclusions drawn from this analysis were that COBRA node lengths can be varied
without adversely affecting the results. Furthermore, the time to run COBRA is proportional to
both the number of axial and time nodes. Because COBRA runs steady cases very quickly, on
the order of tens of seconds, a fine axial node mesh should always be used. For transients the
time step should be determined based on the length of the transient, how rapid changes to the

operating conditions occur, and the computational power available.

2.3.  Correlations Update

The initial analysis of COBRA-IV-I showed it to be very capable for examining SFR
assemblies; however, there was room for improvement, especially for low flow situations. Each
of the areas in the code where empirical correlations were used (pressure drop, mixing, and heat
transfer) were closely reviewed. Then a literature review was conducted to survey advancements
made in these areas. New correlations were implemented in each arca. As new correlations
were implemented they were benchmarked individually against the reference case, the ORNL

bundle (the details of this case can be found in section 2.3.2 Table 2-3)

2.3.1.Pressure Drop

In COBRA pressure drop is calculated from friction factor in the usual way using

Equation 2-16.

AP = f—— 2-16
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Where fis friction factor, L is length, D. is equivalent diameter, p is density, and v is velocity.
The existing correlation, in COBRA-IV-I for friction factor, has the form of Equation 2-17. This
equation includes three constants, A, B, and C, which the user is to specify and the Reynolds
Number, Re. The COBRA manual recommends values of 0.316, -0.25, and 0 for these
constants, corresponding to the Blasius approximation for friction factor (43). This is for a

smooth case however, not taking into account pressure drop from the wire wrap.

f=AXReS+C 2-17

Novendstern (44) proposed a correction factor to account for the additional pressure loss

due to wire wrap, Equation 2-18.

6.94 0.885
1.034 297(%) (Re)*0%°

(p/D)0.124 + (H/D)2.239

Where P is the rod pitch and H is the wire wrap pitch. Novendstern’s factor was added to the
code as an option for the user to choose. Both the original COBRA model and the Novendstern
model share a limitation: they do not account for difference in pressure drop that result from
channel type (interior, edge, or corner). Cheng and Todreas developed a set of correlations,
fitted with experimental data, which provide a friction factor correlation for each channel type
(45)(46). These were also implemented into the code as an option. When using the Cheng and
Todreas model for pressure drop, it is necessary to also use their model for forced mixing, which

will be described below in Section 2.3.2, to obtain accurate results.

The Cheng and Todreas model assumes that the pressure loss comes from the sum of the
friction loss from the fuel and the drag loss on the wire. The friction loss on the fuel for an

interior channel is defined similar to the friction loss in a tube
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The extra term that would not appear in a pressure drop equation for a smooth channel or tube is
the ratio of bare wetted perimeter, P,,’, for the channel divided by the wire-wrapped wetted
perimeter, P,,. Note that Cheng and Todreas use axially averaged values for wire-wrapped

geometric parameters, not local oncs. The friction factor /” is defined based on the flow type

f'=C;/Re™

_ 1 for laminar 2-20
"= 18 for turblent

C;/ is a function of the pitch to diameter ratio

Cf =a+by(P/D~1)+by(P/D — 1)? 2-21

Where a, b;, and b; are constants (different for laminar and turbulent flow) and can be found in

Table 2-7 (45). For transition flow the friction factor is found from

for = (L =) + frp?¥ 2-22

Where v is an intermittency factor defined as

_ logRe —logRe,
" log Rer — logRe,,

2-23
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Table 2-7- Coefficients used for the Cheng and Todreas bare rod correlation for calculating C¢ in
Equation 2-21 (45).

Flow Subchannel 1.0<P/D<1.1 1.1<P/D<1.5
Regime a bl b2 a bl b2
Interior 26.00 888.2 -3334. 62.91 216.9 -190.2
Laminar Edge 26.18 554.5 -1480. 44.40 256.7 -267.6
Corner 26.98 1636 -10050 87.26 38.59 -55.12
Interior 0.09378 1.398 -8.664 0.1458 0.03632 -0.03333
Turbulent Edge 0.09377  0.8732 -3.341 0.1430 0.04199 -0.04428
Corner 0.1004 1.625 -11.85 0.1499 0.006706 -0.00957

and vy is an exponent fitted from data and has a value of 1/3. The drag force caused by the wire is

defined as

N AYE pv?
ed—3(H)(A,1>Cd< > 2-24

where Cy is an empirical constant

~falon)
4~ Rel" \De, 225
and W is the wire drag constant dcfined as
W, = [29.5 — 140(D,,/D) + 401(D,,/D)?](H /D) =085 2-26

for turbulent and laminar flow. The total pressure drop is the sum of these two losses.
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The effective friction factor for the total pressure drop can now be written as Equation 2-28.

e R B

For the bare rod case this simplifies down to give the friction energy loss only, as would be
expected. The pressure losses for edge and corner channels are derived in a similar fashion, as
described by Cheng and Todreas (45).

The Cheng and Todreas correlations were the most recent and the most comprehensive
set of correlations found in the literature for pressure drop in hexagonal wire wrapped
assemblies. Chun and Seo (47) carried out an analysis on many pressure drop correlations. It
included those developed by Rehme (48) and by Engel (49), which are not included in the code
along with Novendstern’s and Cheng and Todreas’ correlation. The conclusion recommended

Cheng and Todreas’ correlation for use in sub-channel analysis for all flow regions.

Figure 2-14 shows the ORNL 19-pin high flow test plotted for each of these three
¥ correlations. The extra effect of the Novendstern factor is negligible; however, both this
correlation and Blasius’ match the data well. The Cheng and Todreas correlation predicts

slightly higher peaking.
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Figure 2-14- Comparison of new pressure drop correlations added to COBRA with the data and
the old correlations for the high flow case.

2.3.2.Mixing

Mixing is the most complex phenomena modeled empirically, referring to mass,
momentum and energy transfer across sub-channels boundaries radially. The many mixing
terms, represented as W in the constitutive cquations, are made up of an amalgam of different
types of mixing. Some forms of mixing are accounted for by the transverse momentum equation
and flow redistribution, while others require empirical model, radial conduction, and forced

mixing.

Conduction mixing is a form of mixing where only energy is exchanged across the cell

boundaries. COBRA has Equation 2-29 built in as an option for radial fluid conduction mixing.

c
Wy =kox(T:—Tj) xx 2-29

This equation has the same form as suggested by Ro and Todreas (50). Here k is thermal

conductivity of the fluid, ¢ is the gap spacing, / is the channel centroid to centroid distance, and T
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is the temperature of the channel. The two sources differ in their recommendation for the factor
K, the conduction shape factor (referred to as G in the COBRA literature). COBRA suggests a

constant value of 0.5 for the factor while Ro and Todreas propose Equation 2-26 for it.

-0.3

K = 0.66 (g) (-g—) 2-30

For the geometry of the ORNL 19-pin test assembly the value of « is 1.24 using Equation 2-30,
significantly higher than the value recommended by COBRA. Furthermore Ro and Todreas

propose an additional factor to account for conduction that takes place through the fuel rods.

D u 2-31

krod)osg (P)—1.04 c —-0.684
D

R = 0.45 (
kNa

This value for the ORNL geometry is 1.28. The combined eftect of the two factors from the Ro
and Todreas correlations yields five times more conduction mixing than COBRA recommends.
The effect of this increase is shown in Figure 2-15. The high flow ORNL case is barely affected
by the increased conduction mixing, as would be expected. The low flow case however is
significantly smoothed out, as it should be. The conduction increase from the Ro and Todreas
correlations accurately describes the low flow behavior without over-predicting the mixing or

distorting the high flow predictions.
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Figure 2-15- Comparison of new radial conduction correlations added to COBRA with the data
and the old correlations for both the high and low flow cases.

Forced mixing is further divided into two types: wire-wrap sweeping and turbulent
mixing. Wire-wrap sweeping describes mixing due to the transverse velocity of the fluid
resulting from wires in the sub-channel that make an angle with the axial direction. Two similar
descriptions of this effect exist, one in COBRA and another by Cheng and Todreas (45). Both
models assume the transverse velocity will be proportional to the axial velocity (V), the ratio of
the area of the wire to the subchannel (A/A”) and the tangent of the angle made between the wire

and the vertical axis.
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A2
VeV (7) tan @ 2-32

From this, Equations 2-33 and 2-34 follow as the equations used to calculate the wire wrap
mixing parameter, for interior (£,,*) and edge channels (C,.). Interior mixing is mixing between
an interior channel and any other channel, edge mixing is between two edge channels only. In

the model included with COBRA C,, and C; are set to one.

A.\?
ey =Cn (AL,I) tan 8 2-33
1
A4.\/2
€1, = Cs (Ail) tan @ 2-34
1

Cheng and Todreas introduce the equations below to calculate C, and C,. Although the COBRA
and Cheng and Todreas models are similar, each should be used only with its corresponding

description of pressure drop to obtain consistent results.

Turbulent Flow
C _0-5
Cor = -14 (5) 2-35
H 0.3
Csr =75 (5) 2-36
Laminar Flow
C —0.5
G = .077 (5) 2-37
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H 0.3
Cy = .413 (5) 2-38

Where c is gap between the rods, D is the rod diameter, and H is the wire wrap pitch.

Turbulent mixing is the result of turbulent motion of the fluid causing it to transverse
sub-channel boundaries. COBRA offers several options for turbulent mixing correlations; the

simplest one is Equation 2-39, where (3 is the turbulent mixing factor and G the mass flux.

We=BcG 2-39

COBRA recommends a constant value of 0.01 for the turbulent mixing factor . Many
correlations exist to calculate . One such correlation was developed by Rehme, shown in

Equation 2-40 (51), where the variable Dy, denotes hydraulic diameter of the cell.

D\ /D
B = 0.00525 (T) (?") Re~01 ‘ 2-40

The advantage of using a correlation for B in place of a constant is to account for the local
conditions of the sub-channel of interest. A representative valuc of B calculated for the ORNL
19-pin test assembly is 0.008. The impact of such a small difference is negligible, as shown in
Figure 2-16. In fact the general effect of turbulent mixing is so small (less than 10% of total
mixing) that in many cases it can be ignored because in SFR fuel assemblies forced mixing

driven by the wire wrap dominates (45).
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Figure 2-16- Comparison of new turbulent mixing correlation added to COBRA with the data and
the old correlation.

2.3.3.Heat Transfer

The heat transfer coefficient is not needed for the actual sub-channel calculations for the
coolant; it is used only when calculating clad and fuel temperaturcs. The heat transfer

correlation in COBRA is Equation 2-41, with Pr being the Prandlt number.

k
h= (D—) (A1 - Re42Pr43 1 A4) 941
h

The recommended values for the constants Al through A4 in this equation are 0.023, 0.8, 0.4,
and 0.0, respectively. This gives the Dittus-Boclter equation (25). This equation is for
nonmetallic fluids however. To obtain the general form of the cquation for metallic fluids A2
and A3 can be set equal. As an alternative to the above form for a heat transfer correlation,
Equation 2-42 was added as an option. This correlation comes from a recent review of relevant
data and correlations for liquid metal tube bundles conducted by Mikityuk (52), it was selected

because it is fit to the complete sct of data available.
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h= (5’{;) (1 ~ e'3~8(§‘1)) (Pe®77 +250) 2-42

Here Pe is the Peclet number, which is the product of the Reynolds and Prandlt numbers.
2.3.4.Results of New Correlations

Figure 2-17 shows a comparison of the results of the original code versus the updated
code for the ORNL test bundle. The equations used for this and all further analysis in the
updated code, COBRA-IV-I-MIT, are listed in Table 2-8.

COBRA-IV-I-MIT, while performing slightly poorer for the high flow case, increases the
accuracy of the low flow case significantly. Furthermore error in both cases is on the
conservative side, predicting slightly higher temperatures. The ORNL cases represent only a
small portion of possible conditions. Chapter 3 reviews many more cases to thoroughly

benchmark the code.

Table 2-8- Recommended correlations to use for the various phenomena that require empirical
models in COBRA.

Phenomena COBRA-IV-1 Correlation ~ COBRA-IV-I-MIT recommendation
Pressure Drop Blasius Cheng and Todreas

Wire-Wrap Sweeping COBRA model Cheng and Todreas

Turbulent Mixing Constant B Constant B

Fluid Radial Conduction Mixing  Constant k Ro and Todreas

Rod Radial Conduction Mixing None Ro and Todreas

Heat Transfer Coefficient Dittus-Boelter Mikityuk
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Chapter 3. COBRA-IV-I-MIT
Benchmarks and Validation

3.1. Range of Operating Conditions

Through the course of normal and transient operation SFRs can encounter a wide range
of operating conditions. When further taking into account different geometries, like driver fuel
geometry versus blanket geometry, and novel reactor designs the matrix of different possible
input conditions for the new sub-channel analysis code is quite cxtensive. To determine the
effectiveness of the tool for cach range a methodical approach was needed. Different parameters
of interest and their corresponding ranges are listed in Table 3-1. The table is divided into two
groups of parameters, geometric parameters are listed first and operating parameters are listed
second. This is not an exhaustive list of every single code input that could affect behavior;

however it does cover all the major inputs that characterize designs.
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Table 3-1- Necessary ranges for parameters for thorough benchmarking of the updated version
of COBRA.

Parameter Regions of Interest

Bundle Size Up to 271 pins

Pitch to Diameter Ratio , Fuel and Blanket

Convection Type Natural, Mixed, Forced

Flow Type Laminar, Transition, Turbulent
Power Skews Various

This list of parameters is not a unique choice, but rather a convenient one. For example,
convection and flow type, could be replaced with flow rate, lincar power, and some geometric
parameters. This would describe the conditions equally well, but is more complicated. Thus the

above set was chosen because it is concise.

What is of particular interest for varying operating conditions is how the importance of
the physical phenomena described by the empirical correlations varies. The most complicated
empirical phenomena modeled is mixing; Ro and Todreas (50) produced a convenient way to
visualize how this is affected by varying parameters. Figure 3-1 shows two different plots with
the relative importance of mixing phenomena. The x-axis captures the effects of the flow regime
using the Reynolds number defined in Equation 3-1, while the y-axis captures the effects of the
convection heat transfer regime using the Grashof number defined in Equation 3-2. Each plot is
for a different pitch to diameter ratio, one being representative of a driver fuel region, the other

of a blanket region.

pDhU
Re = _
p 3-1
[T,
B |2 oo s
Grr = (u/p)? .
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Where the variables are defined as:
B Volumetric expansion coefficient
Dy Hydraulic diameter
Dy,  Bundle averaged hydraulic diameter
g acceleration due to gravity
p Density
AT,  Change in bulk Temperature
v velocity

u viscosity

Figure 3-1 shows how varying either flow regime, convection regime, or geometry (pitch
to diameter ratio) can change which types of mixing are most prominent, and in turn which
correlations are dominating. It also provides a convenient way to do benchmarking, as thorough
benchmarking will use assemblies operated with conditions that cover all important regions of
the plot. Each of the different bundles that were used for benchmarking are discussed in the next

section, and their coverage of different possible operating conditions in the following section.

3.2.  Test Bundles and Designs Used as Benchmarks

Three experimental bundles of different sizes were used as the primary benchmarks for
COBRA-IV-I-MIT, and one code to code comparison was done. The experimental benchmarks
include the ORNL 19-pin bundle (40)(41), the Westinghouse Advanced Reactors Division
(WARD) 61-pin bundle (53), and the Toshiba 37-pin bundlc (54) while the code to code

77



3
& o PHASE
: — -
s  SINGLE PHASE / ! N
§ 100k / i N
% S SN
& VAN N
o | FLOW REDISTRIBUTION K{: !/ I [ Jerrecrive
g DOMINATES /800 wiwr.nnn G N A
g /@ / FLUID CONDuCTL | ~{DIFFUSIVITY
E so0L- N ’ i | Jponnates
- / 7/ { i ~
s 2 WP 225% ,‘ 220% lztsofo\
= 7/ / o ‘ L
e T A A Y T B
© -~ / - S ! i ~
B Rt 4 N i . -
g w0~ A S T
o s L / : ~
i I - l_-"" // “‘ s | -
1 - ' o
= b ——— Flow Redistribution and 7 L b3 ';fﬁ’“%
2 Effective Eddy DIffusivity / S R B e
§ Effects are Equal Lty
[ 3 i 13 ] . " { i L
3 10 1° 19
Reynolds Nusber based on Iniet Condition, Re
a
3 R
o A P
% ; . ; . ﬁ\ { N ’ e
£ 1200 FLOY REDISIRIBUI 1O £ N EFFECIIVE EDOY
g DOMINATES A N BIFFUSIVITY
. IS [ GOMINATES
3 s N ' ~
s L N
% /é ROD CUNBU{’ N
£ w0 T 215 1 06 fora
— 800 L et | N
L) / N
)(; e N "i “
S
3 - T '/i N
AN
g TN
f 00 ;o BUANKET BUNDLE
PSRN P/D = 1.082
.
§ /’ A ~J=-- Flow Registribution amnd
— - , £ j ~ Effective Eddy Diffusivity
5 : SRR
0 i 5, ] i l L 1 J
W o W 0

Reynolds Number based on Inlet longltion, Re
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blanket {bottom) regions (50).
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comparison was done for a 271-pin bundle from the Korca Advanced Liquid Metal Reactor
(KALIMER) 150 MWe pool reactor design (34). Table 3-2 shows the input data for each of
these runs, note the data for the ORNL bundle is reiterated from Table 2-4 for comparison

purposes.

Table 3-2- A comparison of the input data for COBRA for each of the cases used to benchmark
the code.

Input Parameter ORNL WARD Toshiba KALIMER
Geometry  Number of Pins 19 61 37 271
Rod Diameter {(mm) 5.84 13.2 6.5 7.67
Rod Pitch (mm) 7.26 14.216 7.865 8.95
Wire Wrap Diameter (mm) 1.42 0.94 1.32 1.2
Wire Wrap Pitch (m) 0.3048 0.1016 0.307 0.2085
Duct inside flat to flat 0.0341 0.114 0.0773 0.1498
distance (m)
Total Length (m) 1.016 2.65 3.043 3.163
Heated Length (m) 0.5334 1.143 0.930 1.0
Lower Unheated(m) 0.4064 0.2413 0.3986 0
System Pressure (atm) 1 1 1 1
Conditions Inlet Temperature (°C) 315 318 Varied” 386.2
Inlet Mass Flow (kg/s) Varied Varied Varied 21.6
Average Rod Power (W) Varied Varied Varied 14800
Axial Power Distribution Uniform Cosine 1.4 Cosine 1.21  Uniform
(max/avg)
Radial Power Distribution Uniform Varied Varied Uniform
Calculation  Wire Pitch Fraction (8) 0.0417 0.1249 0.0417 0.0607
Parameters Turbulent Mixing Factor (B) 0.01 0.01 0.01 0.01
Number of Axial Nodes 80 209 240 250

*parameters listed as “varied” can be found preceding the result presented, Table 2-4 for the ORNL
bundle, Table 3-3 for the Toshiba bundle, and Table 3-4 for the WARD bundle.
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3.2.1.0RNL 19-Pin Bundle

The smallest of the bundles used for benchmarking has only 3 rings totaling 19-pins.
This bundle was the first chronologically out of those uncovered from the literature. Located at
the Oak Ridge National Laboratory the bundle was part of the Fuel Failure Mockup (FFM), a
large high-temperature facility built to test fuel rods for liquid metal reactors. Figure 3-2 shows
a schematic of the bundle and the test section, while a thorough description of the FFM can be

found in Fontana et al. (40).

This bundle was not only used for benchmarking the final results of the update, but each
correlation added as described in the previous chapter. This assembly was chosen for
benchmarking each correlation because it had two distinct operating conditions and many other
codes used it as a benchmark (34)(35) allowing extensive code to code comparison. The results
of this assembly versus COBRA-IV-I-MIT are detailed in Chapter 2 in Section 2.4.4.

3.2.2.Toshiba 37-Pin Bundle

One ring larger than the ORNL bundle is the Toshiba Bundle, a 37-pin bundle operated
by the Toshiba Corporation Nuclear Engineering Laboratory in Japan in the 1980s (54). Figure
3-3 shows a schematic of the test section and the bundle. The bundle is divided into three
regions that can each be operated at different power levels, providing for the ability to examine
power skews across the bundle. Three different power skews were examined: 1:1, 1.4:1, and
1.96:1. For each case three different sets of operating conditions were examined corresponding
to different flow and convection regimes. The specific operating conditions for each case are

listed in Table 3-3.
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Figure 3-2- A schematic of the test section for the ORNL 19-pin bundle (40).
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Figure 3-3- A schematic of the test section for the Toshiba 37-pin bundle and the three regions
that the bundle was divided into which could be operated at different power levels (54).

The results of the runs can be seen graphically in Figure 3-4 to Figure 3-6. Each figure

corresponds to one of the power skews, with the three different sets of operating conditions
plotted together. A visual inspection of the plots shows that agreement is best with the flat

power profile and decreases as the skew increases. A quantitative analysis of this is conducted in
Section 3.3.2.
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Table 3-3- Operating conditions used in the different experiments of the Toshiba bundle used for benchmarks. The run
number corresponds to the number from the source (54). Many values are listed in the units for COBRA input.

Bundle
Average
Inlet Temp. Outlet Temp. Reynolds Mass Flux Power Heat Flux Grashoff

Run Power Skew [F] [F] Number [MIbs/ft’-hr] [kw] [Mbtu/ft*-hr] Number
B37P02 1:1 412.00 465.55 13024 1.0825 53.58 0.024170 56
C37P06 1:1 398.30 578.45 3022 0.2512 41.02 0.018504 204
E37P13 1:1 403.52 613.83 851 0.0707 13.40 0.006045 238
E37P17 1.4:1 409.10 488.01 8177 0.7359 53.82 0.024278 82
F37P20 1.4:1 400.28 648.84 2971 0.2406 53.82 0.024278 303
F37P27 1.4:1 400.10 677.32 1712 0.1309 32.56 0.014688 357
G37P22 1.96:1 402.44 484.20 8020 0.7218 54.57 0.024616 85
G37P25 1.96:1 398.66 651.29 2971 0.2406 54.57 0.024616 309

L37P43 1.96:1 401.18 751.42 1487 0.1097 34.13 0.015396 451
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3.2.3.WARD 61-Pin Bundle

The largest of the experimental data sets to benchmark with was the WARD bundle
totaling 5 rings 61-pins. The test section can be seen diagramed in Figure 3-7. Measurements
were taken for this bundle at a number of different axial locations. Comparisons were made to
the middle of the heated length, the end of the heated length and downstream from the heated
length. This gave more and different comparisons from previous benchmarks where data was
only compared at the end of the heated length. Also shown in Figure 3-7, cach row of the
assembly could be operated at a different power level, providing for even more control over

power skews than the Toshiba Bundle.

Four or five different operating conditions for the WARD bundle were examined for
three different power skews: a flat skew, a U-shaped skew with 1.5:1:1.5 profile and an extreme

skew with a 2.8:1 profile. The details of each of these runs can be seen in Table 3-4.
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The results of each of the runs are compared to the COBRA-IV-I-MIT predictions in
Figure 3-8 to Figure 3-14. Similar to the Toshiba runs, better agreement is found for the flat
power distribution as opposed to the skewed distributions. For some of the low flow cases,
downstream from the heated length the same phenomena is observed as was discussed for the
ORNL low flow case, where every experimental data point for the run is below 1.00 in relative
temperature. The bundle average outlet temperature in the experiment was calculated with the
flow rate and assembly power (53). A plausible explanation of why the relative temperatures at
the end of the assembly all fall below 1.0 is that heat is lost through the assembly duct, which
was not reflected in the energy balance calculating the average outlet temperature. It should be
noted too that the middle of heated length produces relative temperatures between 0.4 and 0.6.
Even though the measurements are being taken at the middle of heated length the definition of
relative temperature does not change. The temperature rise to that point is still compared to the
bundle averaged temperature rise, and thus values in the vicinity of 0.5 for middle of heated

length are expected.
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Figure 3-7- Schematic of the WARD test section and the power break down across the bundle.
Each row can be operated at a different power level to achieve different power skews across the
assembly (53).
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Table 3-4- Operating conditions used in the different experiments of the WARD bundle used for benchmarks. The run
number corresponds to the number from the source (53) with the exception of those denoted with an “*” which lacked a
number and are designated with run numbers 1-6 to distinguish between them for this work. Many values are listed in the
units for COBRA input.

Bundle
Average
Inlet Temp. Outlet Temp. Reynolds Mass Flux Power Heat Flux Grashoff
Run Power Skew [F] [F] Number [MIbs/ft>-hr] [kwW] [Mbtu/ft*-hr] Number

1* 1zl 605.2 797.83 13000 0.8326 440 0.04830 289

218 | 11 605.2 800 63 3800 O 2433 130 0 01427 279

g 1:1 605.2 798.73 1000 0.0640 34 0.00373 287

3* 158515 605.2 824.77 11500 0.7965 440 0.04830 343

4* 1.5:1:1.5 605.2 820.24 4400 0.2818 165 0.01811 343

5% 1:5:051.5 605.2 835.03 1100 0.0704 44 0.00483 321

6* 1.5 1 5 605.2 835.46 550 0.0352 22 0.00241 327

313 2.8:1 605.2 798.00 13000 0.8326 440 0.04830 287

223 2.8:1 605.2 798.61 7900 0.5059 260 0.02854 289

221 2.8: 1 605.2 800.03 3800 0.2433 130 0.01427 290

231 2.8:1 605.2 798.86 1000 0.0640 43 O 00373 279

229 2.8:1 605.2 799.37 500 0.0320 17 0.00186 287
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middle), and the schematic section of the assembly showing the power skew (bottom). The
data points downstream and at the middle of the heated length were not reported in the source

for run 1.
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In addition to benchmarks across the bundle the WARD case also provides the
opportunity to do an axial benchmark because of the numcrous axial levels temperature
measurements were taken at. Figure 3-15 shows such an axial benchmark for a 2.8:1 power
skew case, Run 223. Three channels are examined for this case. All three channels show good
agreement for the heated length of the channels, up to axial location A. After A the best
agreement is found for channel 1, a central sub-channel. The channels closer to the periphery
predict a higher temperature than is measured; a behavior that has shown up consistently in
benchmarks for highly skewed cases. This could suggest that the Cheng and Todreas correlation

is underpredicting the effect of swirl flow around the outside of the assembly.

94



e [iznnizl L

Relative Temperature

- CEnne| 27

, =i Channel3@
Inlat F [ & E E Sutlet

Axial Lewel

Figure 3-15- Axial benchmark for the WARD case with a 2.8:1 power skew, shown in the
assembly slice in the top right. The rows in the partial assembly have the power level of the
corresponding row in the assembly slice. The channels of the three benchmarks are shown on
the partial assembly.
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3.2.4.KALIMER 271-Pin Design

This is not a benchmark against experimental data like all the previous examples in this
section but rather a code to code comparison. A code to code comparison, while not as
meaningful as an actual experimental benchmark was deemed necessary so COBRA-IV-I-MIT
could be tested for large assemblies. Actual experimental data for benchmarks was limited to
bundles sizes of 61-pins. Realistic assemblies for commercial SFRs could be as large as 271
pins. The KALIMER design provided an opportunity to do this testing as Kim et al. published
the results of MATRA-LMR, SABRE4, and SLTHEN for the analysis of this reactor (34). The
comparison was done for a fuel interior assembly, the details of which can be found previously

in Table 3-2. The results of the comparison are shown in Figure 3-16.

Note that this plot is of actual temperature rather than relative temperature. The plot shows

good agreement between COBRA-IV-I, COBRA-IV-I-MIT, and SLTHEN. MATRA appears to

s

e

predict a slightly higher temperature uniformly, but matches the shape of the other three codes.

Having either a slightly higher input power or slightly lower mass flux would cause a shift like
this, and thus the shift is not overly concerning. SABRE4 has a notably higher peak, likely
caused by shifting more coolant flow to the periphery of the assembly, an actual disagreement

with the other four codes.
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Figuré 3-16- Code to code co.mpariso-h for the KALIMER reactor design“.-
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3.3. Quantitative Analysis of Benchmarks

In the previous section numerous plots were presented comparing the results from
experimental studies to COBRA-IV-I-MIT predictions for those data sets. For each of the
comparisons the agreement appears acceptable based on visual inspection. This section will
rigorously test the agreement of the code with the experimental data through quantitative

analysis of the benchmarks.

3.3.1.Coverage of Operating Range

Determining if some of the desired ranges are covered by the benchmarks is simple.
Pitch to diameter ratio, bundle size, and power skew were covered by cxamining cases that
contained that feature. The flow and convection regimes on the other hand are more complicated
to determine if the benchmarks were exhaustive, as they interact in complex ways with each
other and the other parameters. To ensure that there is satisfactory coverage of all the desired
conditions the plots presented in Figure 3-1 are referred to. By populating these plots with data
points for each benchmark an inspection will determine if all important regions are covered, as

shown in Figure 3-17.

Figure 3-17 contains a populated plot for both a tight pitch, typical of a blanket region,
and a looser pitch that would normally be associated with a driver fuel region. Both plots are
divided into three different regions of importance for benchmarking purposes. The line down the
middle of each plot splits them into two regions: one dominated by flow redistribution, important
for low flow conditions, and the other dominated by eddy redistribution and forced mixing,
important at high flow conditions. The third region of importance is conduction mixing which
contributes most significantly at intermediate or transitional flows when there are low thermal
rises across the assembly. The plots suggest that the most important regions of the map were

covered.
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different benchmarks and comparisons (50). The symbols correspond to the following
benchmarks: Star=0ORNL, Triangle=Toshiba, Square=WARD, Circle=KALIMER.

98



3.3.2.Average Error for each Case

Table 3-5 shows the average error from the data for cach benchmark. Average error for a

case is calculated as shown in Formula 3-3.

n

Average Error = Z|Trel_n_predicted - Trel‘n_measuredl/n 3-3

Where the sum is over each sub-channel in the bundle for which there was a measured data point

and T, is defined in Equation 2-13. Table 3-5 presents the error by geometry and power skew.

Note that the flatter power skews performed better than the more pronounced skews of
2.8:1 and 2:1. The extreme skews were expected to have higher error because the power is
concentrated at the edge of the assembly; however, the energy loss through the duct of the
assemblies was not modeled with COBRA. This was tested and confirmed and is discussed in

section 3.3.3.

Another trend that holds for all the assemblies is that the error decreases for each
geometry and skew from the higher power cascs to the lower power cases. This trend is also
expected because the relative temperature varies more in higher power cases; it is easier to

predict a case that falls between .9 and 1.1 with low error than it is one that ranges from .7 to 1.3.

Of the flat and conscrvatively skewed cascs only one shows an error greater than 6%.
This case is the WARD 1 which has an error of 13.3%. A look back at a Figure 3-8 shows that
the code predicts values lower than are reported experimentally. However a closer look at the
experimental data shows that the lowest measured values are approximately 1.0. This is the
reverse phenomena as has been observed for some of the low flow measurements. The bundle
averaged relative temperature bascd on the data shown here would be greater than 1.0, a
contradiction to the definition of relative temperature. So in all likelihood the measured relative

temperatures should be shifted down closer to the prediction.
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Table 3-5- The average error for each of the benchmarks as calculated by Equation 3-3. The
error is shown for each specific case, and the average for each of the runs of similar geometry
and skew.

Benchmark Case Average Error of Relative Temperature [%]
Assembly Case Level (of heated length)
Middle End Downstream
ORNL 4.5
High Flow 54
Low Flow 3.6
Toshiba 1:1 1.9
B37P02 3.6
C37P06 1.5
E37P13 0.6
Toshiba 1.4:1 3.9
E37P17 5.7
F37P20 1.9
F37P27 4.2
Toshiba 2:1 6.3
G37P22 9.0
G37P25 4.6
L37P43 2.3
WARD 1:1 3.9
1 - 13.3 -
224 2.5 3.9 5.5
218 1.2 3.9 3.5
2 1.7 2.1 1.2
WARD 1.5:1:1.5 4.5
3 8.7 4.5 4.7
4 6.1 2.4 3.8
5 1.4 2.1 73
6 4.9 33 435
WARD 2.8:1 8.2
313 7.3 15.8 ‘ 16.2
223 10.9 10.2 14.4
221 2.3 9.0 12.6
231 4.2 5.6 5.1
229 3.1 1.4 4.5
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For the other cases the magnitude of the crror is reasonable (around or less than 5%) and
almost always on the conservative side. The tempcrature risc for cach of the cases used in the
benchmarks above is on the order of 100 °C or less in some cascs. This means the actual error
between the code and the measurement is generally less than 5 °C for cases that have 5% or less

€rror.

Figure 3-18 shows a cumulative distribution function for the relative error for all of the
data points which were compared to COBRA predictions, a set of roughly 400. 62% of the
COBRA predictions fall within 5%, 87% fall within 10%, and 98.5% fall within 20% of the
relative temperature rise of the data. The range between 10% and 20% is largely populated by

comparisons between the highly skewed cases.

% nf Data
e :
wn

] 0% N1 1S vz (L (U] 0,38 04

Error of Relative Temperature

Figure 3-18- Cumulative distribution function of the error between the COBRA predictions and
the data for the WARD, Toshiba, and ORNL bundles.

Determination of the reasonable amount of error is closely tied to what the experimental
errors are for the experiments that were used for the benchmarks. The temperature data was

drawn from thermocouples which would indicate the measurement error should be low. The
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literature indicates that the measurement error for these experiments is 2 °C (54). Error greater
than this is likely introduced in the calculation of relative temperature (which is the way the data
is presented). Evidence supporting this has occurred many times when looking at data sets for
low flow cases when each of the data points across the assembly has a relative temperature at the
outlet of less than 1.0 (or high flow cases where it is greater than 1.0 in one case). In some cases
the experimental data is converted into rclative temperature using a measured temperature for the
bundle average outlet as opposed to a calculated one. The temperature is measured downstream
from the heated length so it is assumed to be ncar the bundle average; however, in order for the
low flow cases to be lower than 1.0 across the assembly, the measured value must be a few
degrees higher actual bundle average. In another case the bundle average temperature is
calculated but it is not stated if heat loss through the duct is accounted for, again likely causing

this temperature to be a few degrees higher than the true bundle average outlet.

A second source of error from the data comes from the way it was presented in the
literature. The data is presented in the sources in the form of plots. A sample plot is shown in
Figure 3-19. In order to do a quantitative comparison of the data it must be converted from
points on the plot back into valucs. The error involved in this process is related to the resolution
of the plots, which in many cases was very low. While impossible to accurately quantify all the

sources of error, 5% seems an acceptable level of error.
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Figure 3-19- Plots of the experimental data for the WARD assembly (53) (left) and the Toshiba
assembly (54) (bottom right); the magnified area shows how data points are converted to
numbers.

3.3.1.Effect of Conduction Losses Due to Wall

The quantitative analysis in the previous section showed that the highly skewed cases
varied the most between experimental data and COBRA-IV-I-MIT predictions. One reason for
this is because heat loss through the walls of the bundle has not been modeled thus far. To

determine if heat loss through the walls does account for the extra error in the skewed cases the
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Toshiba assemblies were run with heat loss. These assemblies were chosen for this purpose

because the source gave an estimate of the power lost through the duct (54).

Heat loss is more important for skewed cases than flat cases because the power is
concentrated more closely to one wall and thus heat is not lost uniformly. The experimental set
up for the Toshiba case is such that the bundle is installed in a containment tube in a hexagonal
can that is filled with sodium, with many horizontal baffle plates to limit heat loss from

convection. The estimated radial heat loss is 2.5% of total bundle power (54).

Heat loss was modcled in COBRA by adding an additional sub-channel to the Toshiba
assembly that was connected through wall conduction only to cach edge and corner sub-channel.
Because wall geometry and properties of the actual assembly were not known, the wall was set

up so that approximately 2.5% of the total power was lost to the new sub-channel.

Figure 3-20 to Figure 3-22 show the new predictions for the Toshiba cases with radial
heat loss through the wall. All three Toshiba assembles were rerun, even the flat case which had
low disagreement with the data. This is to ensure that the correction helps the skewed case
without negatively affecting the flat case, as would be expected if it was a more accurate model
of the actual experiment. Compared to the previous plots for the Toshiba case (Figure 3-4 to
Figure 3-6) the new predictions match the data better, this can be seen particularly near the edges

of the assembly. The data is presented quantitatively in Table 3-6.

The results confirm that the additional error for highly skewed cases may plausibly be the
result of radial heat loss. Average error of the relative temperature was reduced for both skewed
cases, bringing each below 5% crror. The flat case was relatively unaffected, going from 1.93%
error to 2.20% error, a negligible rise considering the crrors already discussed. Of further note is
only one individual case is now above 5% error, G37P22. However, referring to Table 3-3 the
temperature rise for this assembly is only 82° F or 46 °C. Thus, converting relative error to real

error results in only a few degrecs of discrepancy.

Real Error = Relative Error * ATyynate = 077 * 46°C = 3.5°C 34
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Figure 3-20- Benchmark for the Toshiba case with a 1:1 power skew across the bundle corrected
for heat loss through the wall of the assembly.
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Figure 3-21- Benchmark for the Toshiba case with a 1.4:1 power skew across the bundle
corrected for heat loss through the wall of the assembly.
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Figure 3-22- Benchmark for the Toshiba case with a 1.96:1 power skew across the bundle
corrected for heat loss through the wall of the assembly.

Table 3-6- The average error for each of the Toshiba benchmarks as calculated by Equation 3-3
with radial heat loss through the wall taken into account.

Benchmark Case Average Error of Relative Temperature [%]
No Wall Heat Loss ~2.5% Wall Heat Loss
Toshiba 1:1 1.93% 2.20%
B37P02 3.65% 2.73%
C37P06 1.52% 2.14%
E37P13 0.62% 1.72%
Toshiba 1.4:1 3.95% 3.11%
E37P17 5.71% 3.82%
F37P20 1.89% 3.19%
F37P27 4.23% 2.31%
Toshiba 2:1 6.31% 4.81%
G37P22 9.05% 7.70%
G37P25 4.64% 3.36%
L37P43 5.25% 3.39%
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An error of 3.5 °C is good agreement as the experiment specifically notes 2 °C error,
which is compounded by the relative temperature calculation done for the experiment and the

data conversion to numbers from plots.

Figure 3-23 shows an updated cumulative distribution function of the relative error for
the 72 data points in the Toshiba Case. The distribution has shifted to the left from Figurc 3-18:
now 79% of the COBRA predictions fall within 5%, 96% fall within 10%, and 100% fall within
15% of the relative temperature ris¢ of the data. Proper modeling of heat loss in the

experimental setup allows COBRA-IV-I-MIT to accurately model skewed bundles.

% of Data
"

& 0.0s oL s 0 25 0 L3S nd

Error of Relative Temperaturs

Figure 3-23- Cumulative distribution function of the error between the COBRA predictions
including heat loss though the duct for the Toshiba bundle.
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3.4. Pressure Drop Benchmark

The focus of the benchmarking thus far in this chapter has been on predicting the
temperature rise of the channels; this is because data sets were available for comparison. No
data sets for pressure drop could be found for sodium bundles in the literature. The pressure
drop correlations are not specific to sodium, however all the changes and updates to the code
have focused specifically on sodium thus far; it is unclear how well the code would perform with

water.

However, unlike temperature rise which is dependent on many correlations, the pressure
drop across the assembly is dependent mainly on the correlation used to find the friction factor.
Section 2.3.1 discusses the newly implemented correlation into COBRA, the Cheng and Todreas
Correlation. The Cheng and Todreas correlation was benchmarked against data (45)(46). A
hand calculation using this correlation can be compared to COBRA results to ensure it was
properly implemented into the code, to give confidence that COBRA is correctly predicting the

pressure drops of assemblics.

This was done for the ORNL assembly, which has a high and low flow case, the
operating conditions for these cases can be found in Table 2-3 or Table 3-2. The formulas used

in the hand calculation are as follows.

Aptotal = APacceleration + APgravity + Apfriction 3-5
, (1 1

APgcceteration = G * (pout - ;;) 3-6

APgram'ty = pgl 3-7
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G2l

APfriction = foundle Z—ED—Q 3-8
Where the variables are defined as:
D. Equivalent diameter
f Friction factor calculated with the Cheng and Todreas Correlation
g Acceleration due to gravity

G Mass flux
L Bundle length
p Density

AP Pressure drop

All state properties were taken at the assembly midplanc temperature in the calculation.
This will introduce a small discrepancy with COBRA. The equations in Section 2.3.1 are used to
calculate the friction factor for a single sub-channel. The comparison was made for the bundle

average pressure drop. The bundle average pressure drop is calculated with Equation 3-9.

m-2

3
/(2 -m) /C /(m 2)
_ “eb E ei fi
fbundle - Rem< Sl ( ) (Dez> 3-9

i=1

Where the variables are defined as:
Re Reynolds number

Cs Bare rod friction constant, Equation 2-21
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m 0.18 for turbulent flow, 1 for ilaminar flow

1 Channel type, interior, edge and corner
b Bundle
S Total cross sectional area of channel type, Equation 3-10
S = NiA;
[ Ab 3-10

Where A is the cross sectional area of the channcl or bundle and N is the number of channels.
The results of the calculations are shown in Table 3-7. COBRA only reports total pressure drop,
so the constituent pressure drops could not be compared. The agreement between the total

pressure drops is good as expected.

Table 3-7- Comparison of pressure drop calculated by hand and with COBRA for the ORNL
assembly. All values are in kPa.

High Flow Low Flow
Acceleration 1.15 0.00024
Hand Gravity 3.69 8.69
Calculation Friction 145.43 0.10
Total 154.12 8.79
COBRA Total 150.58 8.82
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3.5. Benchmark Conclusions

For three different experimental data sets and one code to code comparison covering an
extensive set of operating conditions COBRA-IV-I-MIT can predict the sodium relative
temperature rise with less than 5% average error. This level of accuracy is satisfactory
considering the method used, sub-channel analysis, and the various errors related to the

experimental data.

One method for further validation of this code and sub-channel methods in general would
be the use of CFD to generate data sets for benchmarking. This would provide the ability to
benchmark any geometry or conditions. CFD would even allow benchmarks to be carried out on

transient conditions, which currently there are no data sets for.

A word of caution about the current sub-channel code validation: there is a relatively
small set of experimental data for benchmarking a sub-channel code such as this for sodium.
Unfortunately these data sets were also the only data available to those who developed the
correlations for the codes. Therefore, it is not entircly surprising that COBRA-IV-I-MIT and the
other codes adopting similar correlations predict all the data sets well since they use correlations

that are based off those same data sets.

With the update and benchmark of COBRA-IV-I-MIT completed, Chapter 4 begins the

examination of the coupling of the sub-channecl model to the fuel-performance model.
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£ Chapter 4. Coupling COBRA-IV-I-MIT to
FEAST

4.1. Geometry and Time Scale

Due to the nature of the physical phenomena modeled by each code, they use different
time scales and geometries. Coupling of the codes requires that these are reconciled so that

information can be properly passed between the two. Time scale considerations must be taken

into account for both steady-state operation and for transients.

4.1.1.Steady-State Operation

COBRA can be run for steady-state operation or for transients. For steady-state operation
the code analyzes the assembly for a set of unchanging conditions. Thus to represent a steady-

state assembly that is operated for a length of time with changes to the power and flow, COBRA
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would have to be run many times, once for each time the conditions changed. Figure 4-1 shows
an example of the power and outlet temperature history from an EBR-II subassembly, X447
(23)(55). For this case COBRA would have to be run 11 times to capture each of the different
power levels of the steady-state operation. In a sense the steady-state operation of COBRA is
length independent, that is to say a single run of COBRA would capture a one day steady-state
operation as well as a one year operation as long as none of the inputs (power, geometry, flow)
change. Because of this, the computational time to run COBRA for steady-state examinations is

very low.
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Figure 4-1 — Plots showing a power and outlet temperature history for fuel rod DP04 from
assembly X447 from EBR-II (23). This is an example of what a steady-state power history could
look like.

Conversely for FEAST there would only be one run to simulate this power history for a
pin. The nature of modeling fuel performance is different than thermal hydraulics modeling; the
length of time to run a steady-state history will be proportional to the length of the history for
fuel performance modeling. The thermal hydraulic behavior only changes minimally while the
power level of an assembly is constant, but the fucl is always evolving. So while COBRA must
only be run once at each power level to generate a description of the assembly, and in cffect, a
table of inputs for FEAST, FEAST must be run with a very finc time scale. As will be discussed
in Section 4.3 below thermal hydraulic behavior can be affected by the fuel evolution, as fuel
swelling will cause geometry changes. Even so these changes are very slow in time scale,

months to years for normal operation, and will not requirc COBRA to be run with significantly

113



higher frequency. The recommended time step for FEAST steady-state runs is 10 seconds (23).
In comparison the length of fuel operation is on the order of years or even on the order of
decades for some breed and burn reactor designs. This results in very long computational time

for FEAST steady-state runs.

4.1.2. Transient Operation

The transient opcration for both codes calls for a much finer time scale. The time scale
required for COBRA depends on the solution algorithm used. The implicit solution scheme
allows for the user to set the time step by setting the total length of the transient and the number
of time steps during the transient. If the explicit scheme is used, the time step length for COBRA
is determined by the Courant limit defined in Equation 4-1 below (31).

v* AT

FCOUR = .
0 X 4-1

Where FCOUR is the courrant limit, v is the velecity, AT is the time step and AX is the axial
node length. COBRA recommends a default value for the courrant limit of 0.5. Resulting time
step sizes for COBRA are generally quite small. For example, with a node size of 2 cm and a

velocity of 4 m/s the resulting time step is 0.0025 s.

For FEAST the transient time step is defined by the user. The recommended maximum
time step length is 0.005 seconds (23). Having similar time steps between COBRA and FEAST
for transients allows for the FEAST transient file (specifically the tables with the power, coolant,
etc., inputs) to be generated with any desired fineness-although in most cases it will not need to

be near the order of the time step.

It should be noted for FEAST that transient operation can begin at any set time during a
steady-state run. This leaves open the possibility to operate the code for many years with the
steady-state time step of 10 seconds before the transient occurs calling for the much finer time

step only when needed.
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4.1.3.Geometry

A general description of sub-channel analysis geometry can be found in Section 1.2.2.
The geometry of COBRA is three dimensional, gencrally with a fine mesh axially but limited to
one node per sub-channel radially. Nonetheless each fuel rod is adjacent to 5 or 6 sub-channels,
depending on location in the assembly (interior or cdge), and thus there are multiple coolant

temperatures for each rod.

In Section 1.2.3, the background of the gcometry of FEAST is discussed, the important
take away, for the concerns of coupling, is that FEAST is a two-dimensional code. Each rod is
nodalized axially and radially outwards, however azimuthal symmetry is assumed. This presents
a challenge for coupling: which temperature and heat transfer cocfficient are given by COBRA
to FEAST? This problem is illustrated by Figure 4-2.

Figure 4-2- A schematic of a fuel pin and its surrounding sub-channels. Each channel has a
different temperature and heat transfer coefficient.
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One way to handle this problem would be to modify FEAST so it could accommodate for
a third dimension. This however would make the code computationally very heavy. Another
solution would be to run the rod in FEAST for each temperature. This would eliminate making
any changes to FEAST, but would still be very inefficient computationally and any information
regarding effects caused specifically by azimuthal variations would be lost. The simplest way to
resolve this geometric difference would be to pass the coolant average temperature to FEAST.
This would be the most cfficient way to handle the problem; however there would be a large loss

of information. The next scction discusses the acceptability of this approximate approach.

4.2. Sensitivity Analysis of Azimuthal Temperature

Distribution

The purpose of this analysis is to determine if the model of two dimensional fuel rods is
acceptable given that the coolant temperature distribution around the clad is not uniform. The
approach adopted to accomplish this was to employ a finite-difference heat conduction analysis
code, HEATING?7 (56). The codc was used to model the temperature distribution in fuel rods
that arose from forcing functions applied to the outside of the clad. Forcing functions were
determined based off of litcrature review, and were chosen to represent bounding scenarios of

azimuthal variation.

The temperature distribution of the fuel rod that was calculated was then fed to ADINA,
which is finite clement analysis software (57)(58). ADINA was used to calculate the stresses
generated by the azimuthal temperature variation. Stress calculations were checked by hand for

consistency and then compared to other stresses which occur in the fuel cladding.
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4.2.1.Azimuthal Temperature Profile

Various azimuthal temperature distributions were considered. These temperature
distributions were tested for representative EBR-II and S-PRISM pin geometries. These
geometries and other proprietics used can be found in Table 4-1. Variations on these base

conditions to test for sensitivity included the following:

-Fuel Radius- Expanded to clad inner radius to simulate fucl that has already been in the

core for a length of time.

-Clad Conductivity- 22 W/m-K for clad conductivity was chosen as a representative
value for ferritic-martensitic and austenitic steel at 500 °C (59)(60), variations on this, both slight
(16 W/m-K) and severe (1 W/m-K and 100 W/m-K) were examined to see the bounding cffects

of clad conductivity on the temperature distribution.

-Heat Transfer Coefficient- This property is dependent on numecrous different values, 195
kW/m>-K was calculated for a standard set of conditions. This value was varied in both
directions by 50% (from 97.5 to 292.5 kW/m?-K) to account for a wide range of values that

could result from different operating conditions.
-Linear Power- In addition to 40 kW/m, a value of 30 kW/m was tested.

The forcing function used to model azimuthal variation around the pin was a sinusoidal
function that altered the heat transfer coefficient to give a desired outer clad temperature
distribution. Heat transfer coefficient was altcred instcad of coolant temperature due the
program used for the modeling-it was just as cffective as varying the coolant temperature as it

achieved the desired outer clad temperature distribution.

Two different magnitudes of forcing functions were used. A severe function that
simulated a temperature swing of about 15 °C around the pin was used to represent pins ncar the
periphery of the assembly, where the temperature change from channel to channel is greatest.
The second function simulated a temperature swing of only a few degrees, which describes the

conditions in the center of an assembly where the variation from channel to channel is minimal.
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Table 4-1- Nominal values of the geometric and thermal properties used to test the effect of
azimuthally varying temperature functions on the clad.

Geometric Properties Thermal Properties

EBR-II S-PRISM
Fuel Radius 2.16 mm 2.739 mm Fuel Conductivity 16 W/m-K
Clad Inner 2.539 mm 3.161 mm Sodium Conductivity 60 W/m-K
Clad Outer 2.92 mm 3.72mm Clad Conductivity 22 W/m-K
Pitch to 1.19 1.26 Linear Power 40 kW/m
Diameter Ratio Heat Transfer Coefficient 195 kW/m?-K

The magnitudes of the functions were chosen based on the sub-channel analysis results for the

various assemblies presented in Chapter 3.

Figure 4-3 shows the results of cach of the two forcing functions for the base conditions
of EBR-II. For the case of the slight function the azimuthal tempcrature distribution is almost
negligible, varying from average by at most a degree for the clad and much less than that for the
fuel. For the more severe case there is a larger variation for the clad, however it is still only
elevated by about 8 °C over the average clad temperature. This latter case will generally occur in
the periphery of the assembly where the coolant temperature is low. In both cases the
temperature distributions are very gradual, so are not likely to cause large thermal stresses. Each

of the variations of the base conditions discussed above yield similar results to the plots shown.

Review of the literature showed that the most scvere azimuthal distributions are not
caused by variations from sub-channel to sub-channel but from clad contact with wire-wraps,
with the exception of very tight pitches to be discussed below (61). Even though upon onset this
study desired to look at variations from channel to channel, ultimately the most important part of
the analysis is to capture the bounding case that causes the most variation. The two-dimensional
rod assumption is blind to whether it is affected by sub-channel variation or clad hot-spot

variation.
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Figure 4-3- Resulting temperature distributions for two different azimuthal forcing functions at
different radial locations.
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The bounding case for local clad temperature peaking duc to wire wrapping occurs when
a single wire wrap is simultancously touching two rods at the same time, as illustrated in Figure
4-4. Due to symmetry this situation can be modeled by looking at only a quarter of a single rod,

shown in Figure 4-5.

Figure 4-4 — Cross-sectional view of three fuel rods and the wire wrap. At this axially location
the wire wrap is touching two rods at the same time.

Coolant

Wire

Figure 4-5 — Symmetry allows the situation in Figure 4-4 to be modeled with a quarter of one
fuel rod, as shown here.

Due to geometry limitations a simplification to the model was made. It was not possible

to use radial coordinates with two different origins, thus the wire could not be modeled as a

120



quarter circle but rather was modeled as a slice of an arc, as shown in Figure 4-6. This
assumption is conservative, so the resulting temperature distribution will be more severe than

what actually occurs, and this will still be a bounding case.

Figure 4-6 — Approximation of Figure 4-5 where all the shapes are drawn based on radial
coordinates with the same origin.

The resulting outer clad temperature distribution for the wire wrap peaking can be found
in Figure 4-7 for the S-PRISM geometry with a wirc wrap diameter of 1.422 mm. This shows
that the clad contact effcct only has a signiticant cffect on the clad temperature; the fuel
temperature only differs a few degrees off the average. The importance of the large temperature
spike in the clad is that this effect will be prevalent throughout the assembly; thus the pins in the

hottest central regions will suffer equally as the cooler pins located near the edge.

To verify this result a comparison to modcls in the literature was made. The work of
Chuang et al provides an opportunity for comparison as a similar situation is modeled (61). The
geometry for this case is shown in Figure 4-8. Compared to Figure 4-6 the gcometry is very

similar for modeling the wire wrap.

Chuang introduces a dimensionless tempcrature for looking at peaking. The
dimensionless temperature is defined as the difference of the local azimuthal temperature and the
bulk coolant temperature divided by the difference of mean azimuthal temperature and the bulk

coolant temperaturc, shown in Equation 4-2.
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Figure 4-8 — Mesh from the Chung et al. to test wire wrap peaking (61).
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T = Tclad,cp - Tbulk_coolant

4-2

Tclad,average - Tbulk_coolant

The dimensionless temperature is an effective hot spot factor, which is independent of heat flux

(61). Figure 4-9 shows Chuang’s results, which is based on the EBR-II geometry.
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Figure 4-9 — Results obtained by Chung et al. for azimuthal peaking with and without a wire
wrap (61).

Figure 4-10 shows the results of the model presented in this paper converted into
dimensionless temperature. While Figure 4-9 and Figurc 4-10 are for different geometries the
driving geometric parameter for this analysis is pitch to diameter ratio, which is 1.256 for the
EBR-II geometry and 1.19 for S-PRISM geometry, so similar results are expected. The results
match well for the wire wrapped case. The results of the unwrapped case are similar in the
magnitude of the variation however take on a different shape. For Chuang’s result the
temperature dips at 30° as compared to a (very slight) steady drop in Figure 4-10. The reason for
this comes from a difference in the effect that is modeled for the bare rod case. Chuang is

looking at differences caused over a single channel, based off of distance to ncarest pin, as the
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model in this thesis is concerned with differences from channel to channel. The effect of just the
wire wrap can be isolated in Chuang’s case by dividing the hot spot factor with the wire by the
one without it, as shown in Figure 4-9. The factor is already isolated for this work because the
wire wrap model does not include the forcing functions applied to get variations from sub-

channel to sub-channel.
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Figure 4-10 — Results from HEATING7 for the S-PRISM design converted into dimensionless
temperature.

Now a finite element analysis can be conducted with confidence in the thermal model for
the bounding case, wire wrap azimuthal peaking, which is done in the next section. It should be
noted that hot spot peaking factors on bare rods caused by the pitch of the assembly were not
covered by the model in this thesis as it is not captured by sub-channel analysis due to the nature
of the method (each channel having a single temperature). As can be seen in Figure 4-9 the
effect is negligible in cases where pitch to diameter ratio 1s high, as it is seen in this plot (1.257)
(61). However, as the pitch becomes tighter the importance of this factor increases surpassing

the peaking due to wire wraps at approximatly 1.10. Figure 4-11 shows a plot of the bare factor
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(Fg) and the wirc wrapped factor (Fy) for a large range of pitch to diameter ratios (Fws is the
combined factor). For bare rod cases with very tight pitchcs the most important azimuthal effect
is missed entirely by the sub-channel model. The analysis in the next section will still provide a
good estimate of the importance of azimuthal effects because the total peaking factor is largely

independent of pitch to diameter ratio.
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Figure 4-11- Plot for Chuang et al. showing the hot spot factor caused by the wire and the
bundle pitch as a function of the pitch to diameter ratio (61).

4.2.2.Finite Element Analysis

Determining the stresses caused in the clad by the temperature distribution produced by
the wire wrap required a finite clement analysis to handlc the complexity of the distribution.

While thermal strains will also be caused by an azimuthal temperature distribution, additional

125



thermal strains for a temperature change on the order of 10 °C will be very small. Thus stresses
are focused on primarily in this scction while strains are covered in Section 4.2.3. In addition to
the thermal strains caused by azimuthal temperature peaking there will be additional creep strain
(both irradiation and thermal), which is significant but not well suited for examination by finite

element analysis.

An analytical solution can be found for the simple case of determining the stresses
produced in the clad from a purely radial temperature gradient across it. The solution for the

plain stress case, where 6,=0, starts with an equilibrium of the stresses:

dar_f oyt og

0 -
dr T 4-3
The strains are defined as:
_ du
ET - d_r 4'4
u
a0 = - 4-5
And therefore,
d£9 Eg — & -0
dr ro 4-6
Hooke’s law provides the following two relations:
1
& = E(Gr —vag) +aT 4-7
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1
f=% (og —vo,) +aT 4-8

Equations 4-3 to 4-8 can be combined into the following differential equation:

d’c, _do, ‘ dar
T ar ~ %ar 49
The heat conduction equation for a cylindrical shell with no internal generation is:
dr T, —Ty1
Cdr by 4-10
In ()
Substituting Equation 4-10 into 4-9 yields:
d’o, do, T,—Ty1
T P = ke = 411

G "

Using the boundary conditions c,(a) = o,(b) = 0, the diftferential cquation can be solved for 6,(r)

as follows and oy(r) can be obtained from Equation 4-11.

In (&) 1 1
oy = 2el0a 2T | TG g2 7 2 4-12
" 2 b, 1 1
(@ @752
r 1 1
5o(r) = Ea(T, =T |1+In@@ @=t=
ovaT 2 b 1 1 413
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Where the variables are defined as:

a: Inner radius

a: Linear coefficient of thermal expansion
b: Outer radius

E: Young’s Modulus

¢€: Strain

r: Radial direction

o: Stress

T: Temperature

0: Azimuthal direction

v: Poisson’s Ratio

Figure 4-12 shows the results from ADINA for the thermal and pressure stresses for a
fuel rod. The plot also shows the analytical stress for the temperature gradient. All stresses are

effective stresses as defined by ADINA:

U=J:;3+a§+a§ 4-14

Note this is a different definition than the Von Mesis Stress which is typically used to define
effective stress. The values used for the geometry were the S-PRISM rod geometry values listed
in Table 4-1. The material propertics used were those for HT9 (23), and the values can be found
in Tablc 4-2.

Table 4-2 — Material Properties of HT9

Young’s Modulus 1.62%10" MPa
Poisson’s Ratio 0.2935
Linear Coefficient of Thermal Expansion 1.19%107 (1/K)
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Figure 4-12 — ADINA results for effective thermal and pressure stresses on the fuel cladding for a
typical S-PRISM rod. Also shown is the analytical solution for the thermal stress of the same
case.

The analytical solution and the ADINA result match for the thermal stresses. A check on the
pressure stress calculated by ADINA can be accomplished with the formulas for the stress of a

thin walled cylinder (62):

b
a9 = Pig— 4-15
b 4-16
=P —
2=
_hi-h 4-17
0y = ‘———2

where P; is the pressure in the rod, which is assumed to be 3 MPa and P, is the external pressure,

assumed to be atmospheric. Therefore the effective pressure stress is:
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B (3MP 3.72 )2 . (3MP 3.72 )2 N (SMPa - .1MPa>2
o»= “372-3161 * 23372 -3.161) 2 418

= 2236 MPa

The value of 22.36 MPa calculated with Equation 4-18 with a thin shell approximation matches
the ADINA result reasonably. ADINA was compared to the analytical results for this simple
case as a check to ensure the code would properly model the fuel rod, as an accurate solution for

the bounding case cannot be obtained analytically.

Analyzing the S-PRISM geometry with the wire touching, and temperature distribution
shown in Figure 4-13 with ADINA produces the results shown in Figure 4-14. The additional
stresses caused by the imposed bounding temperature distribution are on the order of hundreds of
KPa while the total stress on the inside or outsidc clad is between 40 and 50 MPa. Thisis a

rather negligible contribution of additional stress generated from the bounding scenario.

Even though a perfect analytical description of the bounding case cannot be solved for by
hand, a conservative solution can be obtained by making some assumptions. First, the geometry
is assumed to be that as is represented in Figure 4-15. There are two clad regions, region A,
covered by the wire is at one temperature, while region B, uncovered is at a lower temperature.

The area covered by the wire is a small angular amount, denoted as 2. Further assumptions are:

- The strains and stresses considered are membrane strains and stresses, i.€., averaged over the

thickness of the shell.
- The shell is unconstrained in the z-dircction (plain stress case), 6,=0

- There is no temperature gradient in the radial direction and no pressure, 6,=0
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Region A =
(temperature =
reference + AT)

RegionB /
(reference
temperature)

Figure 4-15- Diagram of a simple geometry that can be used to solve analytically for an
azimuthally varying temperature function.

The azimuthal strain can be defined as follows, for zone A and zone B, respectively.

1
€9a = 09a + adT 4-19
1
€05 = OoF 420

Imposing the conservative assumption that the shell circumference is fixed gives the equation

below.

ega2PR + egp(2m — 2B)R =0 4-21
Using these three equations and noting that the continuity of the stresses at the interface gives the

boundary condition cga= cyg yields Equation 4-22.
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Og = —EO(ATé 4-22
T

Examining this equation, if the entire shell is at the lower reference temperature then =0 and
there is no stress, as would be expected. Also, if the entire shell is at an elevated temperature,
then B=n and the stress is a maximum, this too is as expected because of the assumption of a
fixed circumference. The assumption of a fixed shell circumference is indeed conservative for
this case because a fuel rod is allowed to expand during operation. A more rigorous treatment of
this would give a non-zero o, because of the assumption of fixed circumference; however, the

error induced would be quite small, on the order of:

(-3

For the case of a typical fuel rod, this is about a 2% contribution. If the shell were constrained in
the z-direction, there would be an additional factor of (1-v) in thc denominator increasing Gy,
however this would be an unnecessary additional conservative assumption because the fucl rods

are not constrained axially.

Examining Figure 4-13 shows that the tempcrature is elevated for about 20° or n/9
radians of the circumference, using this value for 3, and 12 °C for AT also shown on that figure,

a value can be calculated for og:

B 51 /9
g = —EaAT; =162 GPa*1.19 % 10 X * 12 K * = 2.57 MPa 4-24
s
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This conservatively-estimated value is about an order of magnitude greater than what was
calculated by ADINA, however very low compared to the thermal stresses induced by the radial

temperature gradient.

In summary, this examination has shown that localized azimuthal peaking on a fuel rod is
on the order of 10-20 °C. In rods of large pitch-to-diameter ratio, this peaking is mainly due to
contact with the wire wrap. while in rods of tight pitch-to-diameter ratio it is due mostly to lower
coolant flow in the rod-to-rod gap resulting in a lower local heat transfer coefficient. Neither of
these effccts can be modeled effectively through sub-channel analysis; however the effect is only
severe at the outer surface of the clad and quickly falls off in the interior of the clad due to high

thermal conductivity.

The additional stresses produced by azimuthal temperature peaking are small compared
to the total stress on the fucl rod cladding, on the order of 1%. In light of this a two-dimensional
fuel model is acceptable for coupling to the sub-channel analysis, but peaking affects still need to

be considered and are discusscd in the next section.
4.2.3. Clad Hot Spot Creep Strain

As can be seen in Figurc 4-3 and Figure 4-7 the azimuthal temperature distributions in
the fuel are minor (on the order of degrees), thus neglecting azimuthal temperature peaking
phenomena occurring in the fuel or at the fuel-clad interface is acceptable. In the previous
scction it was shown that thermally induced stress in the clad from azimuthal affects is
negligible. The only remaining phenomena left that could be affected by a non-uniform
temperature profile around the pin is clad crecp strain. Because creep strain is highly dependent
on temperature, temperature peaking in the clad on the order of 10 °C will have an effect and

cannot be neglected.

To account for the hot spot effect, clad creep strains and cumulative damage fraction
(CDF) must be calculated with the clad at an elevated temperature. The stress on the inner wall
of clad will remain unchanged because the temperature peaking does not affect the fuel clad

mechanical interaction or the plenum pressurc. An extra option was added to FEAST to allow
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the user to enter a hot spot pcaking temperature change, at which additional calculations will be
made for the clad thermal creep strain, irradiation creep strain, and CDF. A sample case with
representative EBR-II conditions was run with a hot spot peaking temperature change of 10 °C.
The results showed that the peak thermal creep strain increased from 0.63% for the normal
calculation to 1.31% when the 10 °C increase in temperaturc was considered, and similarly the

peak CDF increased from 0.95% to 2.78%. The peak irradiation creep strain was unaffected.

While this additional calculation in FEAST provides the user with an estimate of the
strains that will result from hot spot temperatures it should be used with caution. The strains are
calculated in addition to the stress-strain calculations in FEAST and arc external to it, they do not
feedback into the calculation (this is impossible to do with FEAST because it is one-
dimensional.) Furthermore. as will be discussed in the next section, the stress and strains in each
pin in an assembly are coupled through contact with the wire wraps. The location at which the
peak strains will likely be occurring will be the site of contact with the wire wraps (the cause of
the temperature peaking), which will gencrate additional stress on the clad. Ultimately a three-
dimensional full assembly model would be needed to accurately calculate the creep strains in the

fuel pin caused by azimuthal temperature variation.

4.3. Iterative Coupling Considerations

Before coupling the codes, the structure of the coupling needed to be determined. The
two options considered were a one way flow of information from COBRA to FEAST, or an
iterative process of updating COBRA with information from FEAST. The two methods of
coupling are shown schematically in Figure 4-16. In both methods inputs, such as power and
geometry, are fed to both codes. Also common to both methods COBRA feeds FEAST the
coolant temperaturc and heat transfer information. The iterative method features a loop where

FEAST passes geometry changes back to COBRA. This scction examines the advantages and
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disadvantages of both approaches and gives the reasoning for the choice made to go with a one-

way structure.

Onc-Way Coupling

C Teclant T

j Input B COBRA —> ["I7 = | FEAST H> Output

| ; PR, A
[ : ;’

b4

W

Iterative Coupling

Input

Output |

hd

Figure 4-16-Comparison of one-way and iterative coupling schemes for COBRA and FEAST.

4.3.1.Advantages and Disadvantages

The advantage of going with an iteratively coupled model is that it can more accurately
represent actual assembly operation. The coolant behavior is affected by the geometry of the

assembly. As the fuel pins evolve over time they swell, changing the geometry of the assembly.
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A coupled model will capture the evolution of the assembly geometry as it affects the thermal

hydraulic analysis and in turn the fuel performance.

The disadvantage to a coupled model is the computational time. FEAST is a
computationally intensive code. On systems with a good amount of memory (2 GB RAM is
enough) it is limited by processor speed. For example, when compiled with optimizations using
the Compaq Visual Fortran compiler version 6.6 (63) and a processor speed of 2.93 GHz the
code takes about one hour to run one year of simulation for a pin. FEAST is not parallclized, so
multiple cores do not give any significant speed increase. For a 217-pin assembly that is run for
only three years it would take roughly 650 processor-hours to simulate every pin. In its purest
form an iterative code would need to run every pin to know how the gecometry is evolving, as
each pin will behave differently based on its location in the assembly. Adding even just one
feedback step to create and iterative code requires large amount of time, computing power, or
both. The situation becomes even more problematic for different reactor designs, like breed and

burn reactors that run on 20 year or greater cycles.

Certain assumptions can be made that would reduce the computational time for an
iterative scheme. Instead of running each pin in FEAST to dctermine the changes in assembly
geometry, a sampling could be taken, one pin from cach ring for example, or an interior, edge,
and corner pin. The geometry changes could then be applicd to each similar pin. This would
provide for a compromise allowing for feedback between the two codes while not being

prohibitively expensive computationally.

4.3.2.Impact

With possible coupling schemes in mind it was first worth looking at the impact of how
much of an effect implementing an itcrative scheme would have. This was accomplished by
simulating reference geometry in COBRA and then modifying the geometry based on changes

that would occur during normal operation.

The refercnce geometry taken was the S-PRISM gcometry (4). This was chosen because

it is a large assembly, 271 pins, with sufficient literature information detailing operating
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conditions. The reference geometry and input conditions for COBRA are listed in Table 4-3.
Note pressure drop is listed in this table where flow rate was listed in previous chapters. Holding
pressure drop constant is more meaningful when talking about changing geometry as the overall

core pressure drop will remain the same.

Table 4-3- Reference conditions for running COBRA with an S-PRISM geometry.

Input Parameter S-PRISM
Geometry Number of Pins 271

Rod Diameter (mm) 7.44

Rod Pitch (mm) 8.86

Wire Wrap Diameter (mm) 1.42

Wire Wrap Pitch (m) 0.2032

Duct inside flat to flat distance (m) 0.149

Total Length (m) 4.070
Heated Length (m) 1.016
Lower Unheated(m) 1.117
System Pressure (atm) 1
Conditions Inlet Temperature (°C) 371
Pressure Drop (MPa) .25
Average Rod Power (W) 20875
Axial Power Distribution (max/avg) Chopped Cosine 1.12
Radial Power Distribution Uniform
Calculation Wire Pitch Fraction (8) 0.1252
Parameters Turbulent Mixing Factor () 0.01
Number of Axial Nodes 160

The exact geometric evolution of an SFR assembly during its operating life is a very
complex process. Ohmae ct al. have tried to model the evolution of assemblies with spacer grids
(64). For a wire wrapped assembly the pin ciad and duct walls swell from thermal and
irradiation creep and thermal expansion. After a point the pins and the duct become coupled and
further growth of the fuel pins will cause additional duct swelling or impingement on the wire
wraps. A proper description of this evolution would require a three-dimensional code to model

the mechanical behavior of the assembly, however this is beyond the scope this work. Several
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approximations of the assembly swelling behavior are examined that could feasibly be

implemented into an iterative version of the coupled COBRA-FEAST code.

A value of 3% pin swelling was chosen for pin diametral growth as clad embrittlement
and pin failure often occur before this point (23)(65). While it may be possible to extend pin life
past 3% diametral growth if it is dominated by irradiation creep strain, 3% is a reasonable value

for the purposes of this examination.

The first case examined was changing the pin diameter only, increasing it by 3%. Every
other value was held constant. The result of this case shows a substantial temperature increase
for the entire assembly, as seen in Figure 4-17. This is expected because the flow area is
significantly decrcased as the channels are smaller, so for a constant pressure drop there will be

less flow which leads to higher temperatures.

This case is largely unphysical; a change of pin diameter will have other indirect changes
to the assembly. To bring the model closer to reality the pin to diameter ratio must also increase.
Figure 4-18 shows schematically why the pin to diameter ratio must also change. While in a
real assembly there will be some squishing of the wirc wraps for this analysis it was assumed
they did not change geometry. The assembly walls also need to swell to accommodate the pin
swelling, however assembly swelling will not be of the same magnitude as pin swelling. While
the pins were enlarged 3% the assembly flat to flat distance was only increased by 1.5%. The
value of 1.5% was used because it was the minimum asscmbly swelling that permitted sufficient
flow through the corner channcls for COBRA to converge. The results of this case arc shown in

Figure 4-19.
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Figure 4-17 — Assembly temperature distributions for S-PRISM geometry with unstrained fuel
rods versus rods with 3% strain, where the growth simply crushes the wire wrap.
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Figure 4-18 — Diagram showing why the pitch of the assembly increases when the'pin diameter
does. If the pitch does not increase then the wire-wraps are “crushed.” In reality there will be
some wire wrap impingement and some pitch to diameter ratio growth.
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Figure 4-19 - Assembly temperature distributions for S-PRISM geometry with unstrained fuel
rods versus rods with 3% strain and 1.5% swelling of the assembly flat to flat distance.

For this case the interior sub-channels have the same outlet temperature as the reference
case. The edge and corner channels are significantly higher than the reference case but still
below the interior channels. Considering the changes to geometry the overall flow area of the
interior channels is actually increased. The larger pitch has more of an effect increasing the area
than the increased diameter does detracting from it. This explains the lack of difference, or even
slight decrease for the interior channels. The exterior fuel rods see less flow, because the rod
swelling is more dominant than the slight increase in assembly flat to flat distance, and hence the
temperature rises on the outer channels are much higher. The overall cffect of this swelling was
to flatten the tempcrature distribution of the assembly, and whilc it did not cause the pecak
temperature to increase there were significant changes to the coolant distribution that would

indicate that COBRA nceds information for FEAST for gcometry evolution.

However there was still onc more consideration that was not properly represented, which
was that swelling 1s a function of axial location along the rod. In the previous cases the rod was
assumed to swell uniformly along its entire length, all 4 mcters. In reality only the portion of the
rod that has fuel will swell significantly, and the swelling will be relative to the power level and
temperature at each axial location. A third case was run where the swelling only occurred at
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axial levels where there was fucl, and was tapered so that the 3% swelling would occur at the

fuel mid-plane. This is shown in Figure 4-20.

The results of Case 3 arc shown in Figure 4-21 below. The figure shows that the
temperature distribution is almost the same as the reference case. With this case it looks as
though the geometry feedback is not as important as the carlier cases indicated. While being the
closest representation to the swelled geometry of any of the cases considered, this was still an
approximation of the situation. Also consider that 3% strain is a limit, meaning that if it is
reached it would be at the end of life for the fuel. The vast majority of the life of the assembly

would be at much less strain than this, reducing the importance of strain feedback to COBRA.

Cazo 1 : Case 3 o~y
and2
Fuel End
Fuel Mid-Plane
" ;5 Fuel Start
L |

Figure 4-20 — Diagram showing the difference in swelling profiles axiaily for the cases modeled
to test the effects of swelling on assembly coolant behavior.
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Figure 4-21 — Assembly temperature distributions for S-PRISM geometry with unstrained fuel
rods versus rods with 3% strain, where the swelling only occurs in the active fuel region axially.

4.3.3.Conclusions

Considering the large amount of computational expense, added complexity to the coupled
code, inability to know the correct gecometric evolution of the assembly, and the overall impact
of geometry changes on COBRA it was determined that an iterative coupling scheme was not
necessary. Swelling, or other geometry changes, can be handled just as effectively by entering
approximate conditions into COBRA if desired. For example, the gencral swelling behavior of
the fuel rods is known based on burnup, the gcometry can be appropriately altered at each time
step that COBRA is cxecuted. This will be explained in more detail in Section 4.4.3. Future
work on iterative coupling would be facilitated by a three-dimensional mechanical model of the

assembly.
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4.4. CAFE: COBRA And FEAST Executer

The coupled code was written with a modular approach. Rather that integrate the two
codes into one, the source and exccutable files were left separate. The advantage of this
approach is that if improvements are made to each code independently it will be much easier to
reconcile these improvements with the coupled approach. Leaving the two codes independent
required a third code for the coupling. This third code is a parent code to the other two, it formats
input and output files for COBRA and FEAST and calls them based on the user’s settings. It is
called COBRA And FEAST Executer or CAFE. While both COBRA and FEAST are written in
FORTRAN, CAFE is written in Python.

4.4.1.Python Coding Language

Python (66) was an ideal candidate language for writing CAFE because its functionality
meshed well with the tasks that CAFE had to accomplish. Unlike COBRA and FEAST there
was no need for a language that had strong science and engincering roots to complete strenuous
numerical problems like FORTRAN. The main features deemed necessary for CAFE are as

follows:

- A user friendly interface
-Easy formatting and parsing of text documents for constructing input and output files
-The ability to call other codes and spawn new processes

-A clear and straight-forward source file that can be casily modified

These match very well with the strengths of Python.
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Python is a dynamic programming language in some ways similar to Tcl, Perl, Ruby,
Scheme and Java. It features a “very clear. rcadable syntax...intuitive object orientation. .. [and]
extensive standard libraries and third party modules for virtually every task™ (67). Furthermore
Python is an open source code that is casy to learn and has an avid developer and user

community.

Python translates into the previous bullet points in the following way:

-A user friendly interface: a module for Python was employed that allowed interfacing
with a Microsoft Excel spreadsheet. This provided a happy compromise between using data files
that are text documents that are often dense and confusing versus developing a graphical user

interface that would have taken considerable time.

-Easy formatting and parsing of text documents for constructing input and output files:
Python excels at handling text data. Python can rcad an entire text document into a vector of
lines. These lines can then be parsed by characters. This allows for the very specific formatting

to be accomplished as is required for the input files.

-The ability to call other codes and spawn new processes: Python can call executables as

subroutines.

-A clear and straight forward source file that can be casily modified: Python does not
require very strict formatting when coding. In most cases the code reads like a description of

what is being done, without any comments.

Below is an excerpt of the CAFE codc to show the Python language:

1 if inopts.cell ('C5'").value=='Yes"':

2 gtemplate = open('geomtemplate.dat','r")
3 print "updating and running GEOM"

4

5 gline=gtemplate.readlines()

6 gtemplate.close ()

7 k=0
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31
32
33
34
35
36

37
38

gopts=master.get sheet by name ('GEOM Input'} #y:u7

k+=2

gline[k]=(gline[k] [:5]+str(float(gopts.cell('E4').value)) [0:3].
rjust (5,)+

str(float (gopts.cell ('C5') .value))[0:5].rjust(5,)+
str(float{gopts.cell ('E6').value)) [0:5].rjust(5,)+ glinel[k] [20:])

k+=2

gline[k]=(str(int (gopts.cell('C8') .value)) [0:5].rjust(5,)+
str(float (gopts.cell (*E4*) .value)) [0:5].rjust (5,)+gline[k]
[10:307+

str (float (gopts.cell ('C1l0').value)) (0:5].rjust(5,)+gline(k] [35:])

if gopts.cell('CY'").value=='Counterclockwise’:
gline(ki=gline[k] [:20]+"' 0'+gline[k] [25:]

if gopts.cell ('Cl1l").value=="No':
gline(k]l=gline[Xk] [:35]+" 0O'+gline[k] [40:]

geomin = open('geom.dat', 'w')
for x in gline:
geomin.write (x)

geomin.close ()

Tt

subprocess.call ('geom.exe <geom.dat', shell='true')

This segment of code handles the formatting for the GEOM program. All the text in grey are

comments and do not affect the exccution of the code. The first line checks if GEOM is being

executed in this instance of CAFE, this process does not run if the input option (found in cell C5

of the input options worksheet of the input sprcadsheet) is not selected. Lines 2-7 initialize the

code by opening the template file, reading it into a vector of lines, closing the template file, and

seting a counter to 0. Line 9 accesses the geometry input worksheet, shown in Figure 4-22.
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1

2

3

4 What is the rod diameter? 73 ¢ 0.287402 i
5 What is the rod nitch to diametsr ratio? 1.19

6 What is tne flat to flat internal duct dimension? 14 ¢m 5.511811 in
7

8 What is the number of rods in the bungie? 217

é What is the wire wrap direction? Counterclockwise

10 What is the pitch fraction for forcing cross fiow? 0.0633 {recommended-noce leagth/wire wrap pitch)
11 Include corner subchannels? Y25

12

13 The number of subchanneis is: 438

14 The numiar of gaps is 552

15

Figure 4-22 — Sample input for the GEOM portion of CAFE, the portion of the code in the
excerpt above.

Lines 13 through 17 of the code format the 3™ card (GEOM refers to lines as cards) of the
input file. Lines 19 through 34 format the 7" card, (which appears two lines below the third 3™
card on the input file for this style of GEOM input). Finally lines 32 through 37 open and write
the GEOM input file, gcom.dat and line 38 calls the GEOM exccutable.

The template file that this code works on is shown in Figurc 4-23.

1 GEOM SETUP

1.000 1 1 60 1

Figure 4-23- Template that CAFE uses to create a GEOM input file.

All the values on the template arc options sct by GEOM that would only in rare cases need to be

altered. The resulting input file the code produces using the template is shown in Figure 4-24.
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1 GEOM SETUP

0287 1.195 511
1 11
2170.2871.000 1 0 600.063 1

Figure 4-24 — Resulting input file created by CAFE with the template and input above.

The version of Python used is 2.6 (68). The library for reading and writing Microsoft
Excel files that was used is OpenPyXL (69). This software and extensive documentation are

available at python.org.

4.4.2.CAFE Code Interface, Input and Output

As discussed above, CAFE employs the OpenPyXL package that allows it to interface
with a Microsoft Excel spreadsheet. A user interface has been created for CAFE from a
Microsoft Excel spreadsheet that includes all the input options needed to run CAFE, and all the

more common input options for COBRA and FEAST.

The input workbook consists of several different worksheets, each containing a grouping

of input options. The worksheets are as follows:

-Input Options- These are the necessary inputs and options for the CAFE code itself.
These inputs range from options about which portions of the code to run to nodalization data for

FEAST and COBRA necessary to create input files.

-GEOM Input- These arc inputs for the GEOM program, the program which creates the
geometry files for COBRA.

-COBRA Input- These are the inputs for COBRA.
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-COBRA Tables- This worksheet contains relative heat flux tables for COBRA which

allows COBRA to simulate different power levels when creating a set of FEAST input filcs.

-FEAST Input- These are the inputs for FEAST.

The inputs for the various codes do not cover every possible set of inputs for COBRA and
FEAST. Values that do not often change are not handled by CAFE, for example coolant
properties. If the user wished to alter the coolant properties, to change from sodium to lead, he
would need to access the COBRA input files directly. This can be done in two ways. First,
CAFE assembles the input files for FEAST and COBRA from templatc files that contain a full
set of standard inputs. Any changes made to the template file will be reflected in any future
CAFE runs. So in the example above all the sodium properties could be changed to lcad
properties in the COBRA template. The second way to handle this is to bypass the input file
construction by CAFE altogether. This is an option in the input options workshect. If the bypass
is toggled on then the user must provide the name of a COBRA input file for cach FEAST time
step he wishes to run and the name of a FEAST master input file. The interface docs not support
the construction of COBRA transient input files at this time. Ifa transicnt is part of the
simulation the COBRA input file for that transient must be asscmbled by the user and the name

of that file supplied to CAFE.

Figure 4-25 shows a portion of the CAFE interface file. The workshect shown here is the
COBRA Input workshect. Column A lists the card or variable the input corresponds to in the
COBRA manual. Column B prompts the user for the input to be entered in Column C. For cases
where there are a set number of possible inputs, such as corrclations to choose from, or yes/no
options a drop down bar will appear when selecting column C with a list of options This can be
seen in cell C8 in Figurc 4-25, which shows a drop down menu of possible heat transfer
correlation options.. Answering some questions will require the user to go to a place in the
workbook to fill out other cclls. When this is the case a cell will be highlighted in green with
this instruction. In the figurc below cell row 11 prompts the user for how many entries there will
be in the axial flux table. After cntering this number row 12 instructs the user to head to the

<Cobra Tables> workbook to fill out this table. Numbers cntered that have associated units with
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them will have a drop down menu appear in column D. The input units used in column C should
be selected from this menu, and the value will automatically be converted into the correct units
for COBRA and displayed in Column E. This can be seen in row 20; a value of 20.32 ¢cm is
entered for the wire wrap pitch, which is converted into 8 in. Finally all cells that require
attention will be highlighted in red when an input is required but not present. In Figure 4-25, cell
C21 shows this, as the user has yet to enter a value for the outer rod diameter of the pins, the file

cannot be run until this is done.

One of the major benefits of the CAFE interface beyond the friendly format that
Microsoft Excel provides is the simplification of the number of input files required. To run
COBRA or FEAST without CAFE cach would need up to a dozen input files depending on the

specifics of the run.

The output from CAFE is all the resulting output files from COBRA and FEAST. The
code does not do any processing of the output files, nor does it alter them in any way. Both
codes have a useful output format so changes to it were not necessary. Output improvements

would be better served through changes in COBRA and FEAST, if that was desired.

workshest ard 11 o the avied Beat Pas abile

é :‘(‘ ¥ o2 gt Oplong COBRA Input . Gl Y b Ereiddy ¥ oahiss - 3
Figure 4-25 — Sample of the input workbook used by CAFE, the portion shown here is th
COBRA Input options.




4.4.3.CAFE Code Processes

In Section 4.3 it was shown that a once through process for CAFE would be the most

efficient while still accurately predicting the fucl and coolant behavior. The overall flow

diagram for the procedure used in CAFE is shown in Figurc 4-26. The figure shows that the

program proceeds linearly through the steps. Step by step the code works as follows:

1))

2)

3)

4)

5)

Update Geometry-This step is flagged by cell C4 of the input options worksheet. It
toggles whether or not to run GEOM. which is the program that sets up the gcometry
for COBRA.

Update COBRA Input Files- This step is controlled by cell C7 of the input options
worksheet. The user must choose between using the COBRA templates and data
from the COBRA Input tab or if they wish to supply already complete formatted
COBRA input files by name. If new input files are generated they are saved so the
user can go back and modify them for future usc if desired.

Run COBRA- This is the only step which cannot be turned off. CAFE will run
COBRA a number of times determined by the number of FEAST time steps. FEAST
time steps are set by the user and should be based on when the steady-state assembly
conditions change. For example, a change in power level or flow rate should call for
anew COBRA run. COBRA will run an additional time if there is a transient.
Format FEAST Data Files- This option is toggled on and off by cell C11 in the input
options worksheet. It determines if a new set of input files for FEAST is generated
based on the COBRA runs.

Run FEAST- The flag for running FEAST is cell C17 of the input options worksheet.
FEAST will be executed a number of times cqual to the number of pins that are to be

cxamined.
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Figure 4-26- Process flow chart for CAFE.

Of the steps above most are straight-forward in the way they run. Steps 3 and 4 are the
exceptions to this. Generating the input files for FEAST is the most complex portion of CAFE.
This process is diagramed in Figure 4-27 below. The flow chart contains a box, all the steps in
the box are incorporated into COBRA and all the steps outside the box are handled by CAFE.
There are two different processes that COBRA does, cither running a steady-state or transient
case, or printing a temporary file that contains all the data required for FEAST input files
(temporary files arc in addition to the normal COBRA output files). The logic in CAFE controls
COBRA, parses the data, and then formats and prints the FEAST data files. The process below
shows that a transient must always be run after the last time step of COBRA; this does not mean

that the transient must occur at the cnd of simulation. While all the other time steps must occur
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in order, FEAST has an input that specifies when the transient starts. The transient data files for

FEAST are completely scparate from the steady-state files.

The current construction of CAFE allows for great flexibility in running different scts of
options. Above the casc was discussed where the user would want to change the geometry of the
assemblies over time based on known swelling effects. This is casily accomplished by running
CAFE steps one, two, and three. This would give the COBRA data for each time step with the
assembly geometry constant, and the corresponding formatted COBRA input files. Then the
axial geometry table can be added to the input files that are desired to simulate swelling or other
geometric changes. Then CAFE can be run with steps three, four, and five and the swelling
effects on COBRA will be passed to FEAST. The user can now compare the effect that the
geometry changes had on the new and old COBRA output filcs.

This concludes the discussion of the coupling; the next chapter explores the validation

and uses of the coupled code.
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Figure 4-27 — Flow diagram for the portion of CAFE that runs COBRA and creates the input files
for FEAST. :
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Chapter 5. Validation and Application of
CAFE

5.1. CAFE Benchmark

While COBRA and FEAST have been benchmarked thoroughly independently (Chapter
3 and Reference (23)(28)), a benchmark of the combined performance is desirable. A rigorous
benchmark for CAFE would require a full set of assembly operating conditions along with fuel
performance data from multiple pins from that assembly. Unfortunately a complete set of data
such as this could not be found in the literature. The nearest complete sets of data found are
from assemblies from the EBR-II reactor. One such assembly is X425 from EBR-II. The data

available for this assembly includes:

-The pin geometry (23)(70)



-The assembly geometry for a 6 [-pin array (71)

-The assumed coolant outlet temperature history and power history for the hot pin (23),

shown in Figure 5-1 and Figure 5-2.

The only data missing necessary to make a COBRA model for this assembly was a flow history.
However this could be determined from the power and peak channel outlet temperature. The
data used for the COBRA model is found in Table 5-1. The data used to model! the fuel rods in
FEAST is found in Table 5-2. Figure 5-3 shows the burnup for the assembly as a function of

time.

Table 5-1- COBRA input data used to model the EBR-Il X425 assembly.

Input Parameter

Sample Assembly

Geometry Number of Pins 61
Rod Diameter (mm) 5.84
Rod Pitch (mm) 6.91
Wire Wrap Diameter (mm) 1.07
Wire Wrap Pitch (m) 0.15
Duct inside flat to flat distance {m) 0.0582
Total Length (m) 0.75
Heated Length (m) 0.343
Lower Unheated Length (m) 0.03
System Pressure (atm) 1
Conditions Inlet Temperature (°C) 370
Inlet Mass Flow {kg/s) 5.81
Peak Linear Power (kW/m) 40
Axial Power Distribution (max/avg) Chopped Cos 1.48
Radial Power Distribution Uniform
Calculation Wire Pitch Fraction (&) 0.0938
Parameters Turbulent Mixing Factor (B) 0.01
Number of Axial Nodes 50




Table 5-2- FEAST input data used to model the hot fuel pin from EBR-II X425 assembly.

Input Parameter

Sample Assembly

Geometry Clad Outer Radius (mm) 2.92
Clad Inner Radius (mm) 2.539
Fuel Outer Radius (mm) 2.16
Wire Wrap Radius (mm) 0.535
Plenum to Fuel Ratio 1.0
Axial Node Length 0.049
Fuel Zr weight fraction 10
Conditions Pu weight fraction 19
Initial Fill Gas Pressure (kPa) 84
Calculation Time Periods in Rod History 50
Parameters Number of Axial Nodes 7
Time Step (seconds) 10
Flux Conversion Factor 5.02
Linear Power History
45,0
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Figure 5-1- Power history for the EBR-Il X425 assembly.
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Figure 5-2- Outlet temperature history for the EBR-1l X425 assembly.
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Figure 5-3-Burnup versus time history for EBR-11 X425 assembly, the slope changes at points
corresponding to changes in power for the assembly.

158




So with enough data to make COBRA and FEAST models for the X425 assembly, a
CAFE model of this assembly was constructed and analyzed. The hot pin was benchmarked
against the data and compared to the previous FEAST results. Peak clad strain for cach case is

shown below in Table 5-3.

Table 5-3- Comparison of peak clad strain data in at. % between the experiment, FEAST only
results and CAFE results.

Peak Burnup (at. %) Experimental data FEAST CAFE
10.4 .25 .22 .21
15.8 .98 1.0 .80
18.9 2.0 2.23 1.52

The CAFE results are significantly under-predicting the experimental data, and of greater
concern the FEAST data, with which good agreement is expected. The discrepancy is due to the
way the power profile and the nodalization of both codes arc handled. In both cascs (FEAST
only and CAFE) FEAST is run with 7 axial nodes. This means the power profile can only have 7
different values. COBRA on the other hand has a much finer axial nodalization and has a much
smoother power distribution. The two power distributions arc shown in Figure 5-4 below.
When COBRA passes data to FEAST it takes the average power over the section of the FEAST
node. Both distributions conserve the total power of the pin. However a difference still results
because of the calculation of the coolant temperaturcs. CAFE is using COBRA to calculate
coolant temperatures, so it employs the smooth power distribution in the sub-channel analysis
model. When FEAST is used alone, it uses the discrete power distribution in a simple encrgy
balance model, not accounting for mixing. The diffcrence in these two methods produces a

different axial coolant tempcerature distribution, as shown in Figure 5-5.
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Figure 5-4- Comparison of the axial power profile input between FEAST and COBRA.
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Figure 5-5- Comparison of the axial coolant temperature profile produced by the models in
FEAST and COBRA.
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The difference in the two distributions is slight, but very important nonetheless. To
understand why a change of temperature on the order of 10 °C at the axial mid-planc of the fuel
has such an effect on the clad strain the mechanism of the clad strain must be considered. The
temperatures at this portion of the clad are low enough that thermal creep strain is negligible,
thus irradiation creep strain is responsible for the total strain. The formula for irradiation creep

strain rate is (23):

e=Bx0'xg 5-1

Where B is a function of temperature, ¢ is the equivalent stress, and ¢ is the flux. The power
level is the same for both cases, thus the flux is the same. The form of B is such that a change in
temperature on the order of a few degrees will have little effect. That means any difference from
creep strain rate must result primarily from the stress on the cladd. A difference in coolant
temperature affects both the cladd and coolant temperature. The fuel temperature in this range
will have a large effect on the FCMI stress that is placed on the clad because the temperature

affects the stiffness of the fuel.

In reality the temperature distribution along the fucl will be continuous, so FEAST is
only sampling a certain number of temperatures along the fuel rod, and misses anything that
happens between those nodes. In the above example, the clad peak strain is 125% greater (1.0%
versus 0.8%) for the FEAST only version than CAFE becausc the data passed to FEAST in
CAFE happens to “miss” a temperaturc where FCMI is the most important. There are two ways
to reconcile this difference. One way would be to force the temperature distribution CAFE
passes to FEAST to be cqual to thc one FEAST calculates. This however would defeat the
purpose of using CAFE in the first place. The sccond way would be to increase the number of
axial nodes FEAST uses which will make it less likely that important temperatures are missed.

The results of this solution are shown in Tablc 5-4 below.
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Table 5-4- Comparison of peak clad strain data in at. % between the experiment, FEAST only
results and CAFE results with two different numbers of axial nodes.

Peak Burnup (at. Experimental FEAST CAFE 7 nodes CAFE 13 nodes
%) data
104 .25 .22 21 23
15.8 .98 1.0 .80 1.03
18.9 2.0 2.23 1.52 1.80

The results of running CAFE with more FEAST nodes matched up to the previous
FEAST data and the experimental data better. For each of the three burnups, the agreement of
CAEFE is better with both the experimental data and FEAST. The only major discrepancy
between FEAST alone and CAFE is the strain at 18.9% burnup. No matter how fine of
nodalization is used there may be some differences between FEAST alone and CAFE. This is
because even though the clad temperature is continuous along the rod and any specific
temperature can be sampled by increasing the nodalization, it does not guarantee that properties
like heat transfer coefficient and power will be the same for FEAST and CAFE at that specific

location on the pin.

Up until this point only the peak axial clad strain has been considered. Figure 5-6
through Figure 5-8 shows the clad strain as a function of axial position for 15.8% burnup for the
various cases considered. Figurc 5-6 shows a comparison between the standalone version of
FEAST and the data. Figure 5-7 and Figure 5-8 show the CAFE results for 7 and 13 nodes,
respectively, against the experimental data. These plots indicate the experimental error with
dashed lines. All three cascs predict the data with reasonable accuracy. CAFE with 7 nodes
matches the shape of the data the best, but under predicts its magnitude. CAFE with 13 nodes
predicts the shape of the data well, and predicts the peak extremely well in magnitude and

location.
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Figure 5-6- Axial clad strain profile produced with FEAST using 7 axial nodes for the EBR-II X425

hot fuel pin (23).
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Figure 5-7- Axial clad strain profile produced with CAFE using 7 axial FEAST nodes for the EBR-II
X425 hot fuel pin.
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Figure 5-8- Axial clad strain profile produced with CAFE using 13 axial FEAST nodes for the EBR-II
X425 hot fuel pin.

Clad strain data was the only set of data specifically available for the X425 assembly.
Fuel rods of similar type operated under similar conditions have clad wastage reported that is on
the order of 20 microns (72). This compares well with Figure 5-9 which shows peak clad
wastage as a function of burnup. Similarly, fission gas release data from the X425 model can be
benchmarked against fission gas relcase data from similar rods with the same fuel composition

(73), as shown in Figure 5-10.

For both of these cases the nodalization has little effect on the result. The number of
nodes should have the greatest effect on properties that are highly temperature dependent that do
not occur at the peak temperature. This will mainly include FCMI and effects that are dependent

on it such as irradiation creep strain.

With these benchmarks it is clear that CAFE is predicting fuel behavior with at least the
level of accuracy of FEAST. To sce further benchmarks of FEAST consult references (23) and
(28).
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5.2. CAFE Verification

In light of the results regarding axial nodalization in the previous section, it was deemed
important to test the sensitivity of FEAST to axial nodalization and cnsure that the solution
convergence was achicved as the number of nodes was increased. To examine this, an assembly
with geometry and conditions based on the S-PRISM design was employed. The switch in
geometry from EBR-II in the previous scction to S-PRISM was done because the active fuel
length is much longer for the latter design, around a meter for S-PRISM and only a third of that
for EBR-II. The CAFE input data for the S-PRISM design is shown below in Table 5-5 and
Table 5-6.

Table 5-5- COBRA input data used to mcdel an S-PRISM driver fuel assembly. ‘

Input Parameter Sample Assembly
Geometry Number of Pins 271

Rod Diameter (mm) 7.44

Rod Pitch {mm) 8.86

Wire Wrap Diameter (mm) 1.42

Wire Wrap Pitch (m) .203

Duct inside flat to flat distance (m) .149

Total Length (m) 4.070

Heated Length (m) 1.016

Lower Unheated Length (m) 1.017
System Pressure (atm) 1
Conditions Inlet Temperature (°C) 371

Inlet Mass Flow (kg/s) 24.09

Peak Linear Power (kW/m) 19

Axial Power Distribution {max/avg) Chopped Cosine 1.41

Radial Power Distribution Uniform
Calculation Wire Pitch Fraction (&) 0.1252
Parameters Turbulent Mixing Factor (B) .01

Number of Axial Nodes 160
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Table 5-6- FEAST input data used to model S-PRISM driver fuel pins.

Input Parameter Sample Assembly
Geometry Clad Outer Radius (mm) 3.72
Clad Inner Radius {(mm) 3.16
Fuel Outer Radius (mm) 2.74
Wire Wrap Radius (mm) 0.711
Plenum to Fuel Ratio 2.0
Axial Node Length .145
Fuel Zr weight fraction 10
Conditions Pu weight fraction 19
Initial Fill Gas Pressure (kPa) 84
Calculation Time Periods in Rod History 2
Parameters Number of Axial Nodes varied
Time Step (seconds) 10
Flux Conversion Factor 5.0

The number of axial nodes is varied only for FEAST and not for COBRA. The effect of
axial nodalization on COBRA was examined previously in Scction 2.2.3, with the conclusion
that the COBRA nodes should be sct as small as allowable by the code (1-2 cm generally), as
computational time is not an issuc for steady-state runs. FEAST examinations have been

previously made on the effect of radial nodalization (23), but nonc for the axial direction.

Cases were examined for 5, 7, 10, 14, and 20 axial nodes. Tablc 5-7 shows the
corresponding node sizes for each of these nodalizations, along with the peak clad temperature
calculated by FEAST.

Table 5-7- Number and size of FEAST nodes compared with the peak clad temperature predicted
by FEAST.

Number of Nodes Node Size (m) Peak Clad Temperature (°C)
5 0.203 548.66
7 0.145 552.21
10 0.1015 555.79
14 0.0725 557.45
20 0.05075 559.15
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A comparison of the performance with different numbers of nodes is shown in Figure
5-11. This figure shows the end of life total clad strain axial profile. The profile is plotted for 14
nodes and 20 nodes, while the data points for 5, 7, and 10 nodes are shown for comparison. As
the number of nodes increase the data scts converge on one another. The coarsest nodalization, 5
nodes only, completely misses the behavior at the bottom of the fuel rod where the strain is
ncgative. The finest nodalization of 20 nodes predicts a localized peak in clad strain near the
bottom of the rod. While the peak appcars completely unphysical it is predicted by FEAST and
corresponds to a localized peak in FCMI that FEAST predicts to occur at this point, perhaps due
to the increased stiffness of the fuel and higher retention of fission gas due to this location being

at the bottom of the rod and having a lower fuel temperature.
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Figure 5-11- Axial clad strain profile predicted by FEAST plotted for various numbers of axial
nodes.

For both of these metrics the RMS difference of the data can be calculated and used to
determinc the order of convergence. The formula for calculating the RMS difference can be

found in Section 2.2.3 in Equation 2-15. The RMS formula becomes the absolute value of the
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difference for the different nodalizations when applicd to peak clad temperature since there is
only one value. Figurc 5-12 shows a plot of the RMS difference for both clad strain and peak

clad temperature plotted against difference in node size.

The order of convergence can be determined by calculating the slope of the lines on
Figure 5-12. A linear regression of the log-log plot yields the values calculated in Table 5-8.
Peak clad temperature converges with an order of about 1, while total clad strain converges with

order of approximately 1.5.

This analysis shows that FEAST converges as expected as the number of axial nodes
increases. The exact node size that should be used will depend how valuable low solution error
is compared to computational time. 10-15 centimeters is a reasonable limit for node size, as a

coarser nodalization could produce peak clad temperaturc values with greater than 5 °C of error.
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Figure 5-12- RMS difference of node size plotted on a log-log scale for peak clad temperature
and end of life clad strain.

Table 5-8- Order of convergence based on node size for two performance metrics.

Performance Metric Order of Convergence
Peak Clad Temperature .997
Total Clad Strain 1.539
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5.3. Hot Pin Versus Limiting Pin

When running CAFE to evaluate assembly performance, a decision must be made as to
which pin or pins should be examined with FEAST. COBRA examines the behavior of the
entire assembly; depending on location in the assembly every pin will experience different
conditions. While the user would have the option to examine every single pin in the assembly
this would prove extremely time consuming computationally due to the nature of FEAST (see
the discussion in Section 4.3 regarding examining every pin for geometry changes). Certain pins
must be selected that are representative of the assembly, by which the overall fuel performance

of the assembly can be judged.

The generally accepted approach when selecting a pin to examine an assembly is to look
at the hot pin. The theory is that it the hot pin meets the fuel performance criteria, then every
other pin in the assembly will too. To test this practice, the behavior of various pins from a
sample assembly was compared to the behavior of the hot pin. The assembly chosen is the EBR-

II X425 assembly, which was discussed in Section 5.1.

This assembly is a logical choice for this analysis as the behavior of the hot pin is known
to match the experiments well. The CAFE model was used to cxamine one pin from each ring of
the asscmbly: pins 7, 19, 37, and 61. The results from these pins are then compared to the hot
pin, pin 1. All the inputs for this run can be found in Section 5.1. Table 5-1 and Table 5-2 show
the COBRA and FEAST input data and Figure 5-1 through Figure 5-3 show thc burnup, power,
and outlet temperature histories for the assembly. The input set up for this analysis highlights
one of the strengths of CAFE: the only alteration from the previous input file used to examine

the hot pin of the assembly necessary was to indicate additional fuel pins for examination.

The assembly was initially examined with 7 axial FEAST nodes. This produced some
surprising and questionable results. Figure 5-13 shows the peak axial irradiation creep strain

results when using 7 axial FEAST nodes.
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Figure 5-13- Peak irradiation creep strain history predicted by CAFE using 7 axial nodes for 5
different fuel pins for the EBR-Il X425 assembly.

Of particular interest is pin 37, which is located near the periphery of the assembly, and
thus will be much cooler than the interior pins, as shown in Figure 5-14. With only 7 nodes
FEAST calculates that the irradiation creep strain behavior of pin 37 is very similar in magnitude

to the hot pin and more severe than other pins more interior to the assembly.

This result prompted further examination of the assembly with more axial nodes to
determine if this was an artifact of the calculation or actual behavior that should be expected.
Figure 5-15 shows the peak irradiation creep strain for 13 nodes. This shows the more expected
behavior where the creep strain is ordered from greatest to least based on how hot each fuel pin
is. Table 5-9 shows a comparison of the peak irradiation creep strain for each pin for both 7 and
13 axial FEAST nodes. This data reinforces the conclusions drawn in the previous two scctions

that too coarse of an axial node length for FEAST will produce incorrect results.
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Figure 5-14- Peak clad temperature history predicted by CAFE using 7 axial nodes for 5 different
fuel pins for the EBR-Il X425 assembly.
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Figure 5-15- Peak irradiation clad strain history predicted by CAFE for EBR-11 X425 fuel pins using
a finer axial nodalization for FEAST of 13 nodes.

172



Table 5-9- Comparison of the peak irradiation creep strains predicted by CAFE for EBR-l X425
fuel pins using 7 and 13 axial nodes for FEAST.

Peak Irradiation Crecp Strain

Pin 7 Nodes 13 Nodes
1 1.52 1.78

7 1.29 1.77
19 1.21 1.71
37 1.51 1.57
61 1.16 0.82

In section 5.1 the formula for determining irradiation creep strain is shown as Equation
5-1. One of the important terms in this equation is stress. The stress on the clad comes from the
plenum pressure and the FCMI. The FCMI is a complicated phenomenon, but does not scale
based on temperature likc many other fuel performance metrics do. Lower fucl temperatures can
result in higher FCMI due to higher fuel stiffness. Figurc 5-16 shows the peak FCMI-driven -
stress predicted for each pin over the course of the burnup. At various times the fuel pins from
the outer rings experience FCMI-driven stress equal to the stress of the inner pin. However,
while the stress is similar, the temperature is lower in the peripheral pins which ultimately results
in lower strain rates and strains. For this case all the pins arc operated at the same power and are
assumed to burn at the same rate, if the power Ievels and conscquently the burnup history were
different it would further complicate knowing which pin in the assembly will have the peak

FCMI-driven stress.

Figure 5-17 and Figure 5-18 show the peak thermal creep strain and the peak clad
wastage, respectively, for each pin examined. The results arc as expected where the hotter pins
exhibit higher valucs of strain and wastage. Most fucl performance metrics are indeed most

critical for the hot pin, with FCMI being an interesting exception.
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Figure 5-16- Peak FCMI history predicted by CAFE for EBR-II X425.
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Figure 5-17- Peak thermal creep strain history predicted by CAFE for EBR-1l X425.
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Figure 5-18- Peak clad wastage history predicted by CAFE for EBR-1l X425.

5.4. Parametric Study of Fuel Pin Performance

The previous section showed while most fuel performance metrics will be most severe
for the hot pin of an assembly, not all of them necessarily have to be. The goal of this section is
to examine fuel pins parametrically while varying key gecometric parameters and operating
conditions to determine the corresponding failure mechanism likely to occur and the expected
life of the pin for steady-state operation. The result will be a sct of charts that can be used as a

design guideline, and to help decide which pins in an assembly to analyze.

The first step was determining which failure (or in some cases limiting) mechanisms be

would examined. The important limits considered for a fuel pin arc as follows:
- Thermal Creep Strain - Damage caused to the clad by thermal creep.
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- Irradiation Creep Strain — Damage causcd to the clad by irradiation creep.

- Cumulative Damage Fraction (CDF)— A statistical measure of life of the clad based on
time to rupture correlations as a function of temperature and stress. CDF is particularly

useful for pins with a variable power history.

- Clad Wastage (FCCI) — Loss of clad thickness at the inner wall due to interaction with
the fuel.

There are other failure mechanisms for fuel pins which are not examined here because the
purpose of this study is to develop a guide for stcady-state operation. For example, fuel melting
was not considered because the most conservative fuel melting temperature (lowest solidus T on
the phase diagram corresponding to no zirconium) is 920 °C, a temperature which should never
occur during stcady-state opcration (74). CDF and creep strain arc different representations of
the same damage caused to the clad. Creep strain will be considered primarily over CDF in this
study (all of the power histories for the study are constant so both metrics would have similar

results.)

Next it was necessary to determine which operational parameters were likely to have the
largest effect on each of the chosen fuel performance metrics. While clad type would have a
large effect, the study was limited to HT9 as cladding material because it has the most desirable

propertics.

FCCI is known to ¢xhibit a strong threshold behavior based on clad temperature.
Furthcrmore, it will be affected by the tuel composition.  For high plutonium fuels, below 650
°C it has little cffect; however, above this temiperature the clad becomes susceptible to it (75).
Therefore, the important parameters to study for FCCI are peak clad temperature and fuel

composition.

Figure 5-19 below shows several data points obtained from FEAST by running a sample
pin at a range of coolant inlet temperatures, it exhibits the threshold behavior of FCCI. The
sample pins were of a representative S-PRISM driver fuel geometry, which can be found in
Table 5-2. The fuel composition is U-19Pu-10Zr. The x-axis of Figure 5-19 shows the peak

clad temperature for each run, the y-axis shows the burnup that was achieved for that run. For all
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the pins FEAST predicts that below 660 °C the pins will reach burnups of at lcast 6 at. %, a value

determined by the creep strain lim

it. However, once the peak clad temperature exceeds 660 °C

the achievable burnup plummets because of FCCI. Fuel compositions with no Pu exhibit similar

behavior, but the threshold temper.

temperature.

ature is higher because of the lack of Pu raises the cutectic

While FCCI behavior is fairly straight-forward to study for different conditions, studying

clad creep strain is significantly m

ore challenging. Clad creep strain is strongly affected by clad

temperature, clad stress, and neutron flux, which in turn depend on the following parameters:

linear power (affecting both temperature and ncutron flux), smear density and fuel composition

(affecting FCMI and thus stress), pin size, and pin diameter-to-clad ratio (affecting stress).

These effects were all considered by starting with base pin designs and operating conditions of

different types and altering them slightly. Each of the fucl types and the corresponding

parametric studies are discussed below.
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Figure 5-19- Predicted achievable burnup by FEAST versus clad temperature for U-19Pu-10Zr

fuel for two different power levels.
occurs because of FCCI.

The sharp drop that occurs between 660 °C and 665 °C
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5.4.1.S-PRISM Driver Fuel

To study typical SFR driver fue} the S-PRISM fuel design was once again selected, the
details of which can be found in Table 5-2 in Section 5.1. The operating conditions and
geometric parameters that were varicd are shown in Table 5-10 below. Two parameters that
were not varied are the pin diameter and the plenum to fuel ratio, this was done to keep the
assembly gcometry the same. Results for different pin diameters and plenum to fuel ratios can
be found in Sections 5.4.2 and 5.4.3 for the other assembly geometrics examined, blanket fuel

and breed and burn fuel.

Table 5-10 — Parameters and different values explored in a parametric study of fuel pin
performance.

Parameter Values
Inlet Temperature 371-531 °C at 20 °C intervals
Power 15, 20, and 25 kW/m
Pu Content 0,19at. %
Smear Density 75, 80, and 85%
Clad Thickness (outer pin diameter held 0.477 ,0.559, 0.67 mm
constant)

With the large number of parameters varied the study produced a very large amount of
data, which is located in Appendix A. An overview of the data is presented in Table 5-11. This
tablc shows a grid of the different combinations examined and what effect FEAST indicated was
the most limiting for a range of peak clad temperatures along with what burnup can be expected
for those conditions. The parameters in the left columns were study variables that could be set
directly in FEAST. While peak clad temperature was a desired variable to examine, it had to be

controlled indirectly through power and inlct temperature.

The thermal creep strain limit used for this table was 1%, which is a value used
previously in the literature as a design limit (76). The total crecp strain is defined as the sum of
the irradiation creep strain and the thermal creep strain and the limit for the table is 3%, beyond

which pins failure is expected (23)(65). All of the cases with Pu exhibit the behavior discussed
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above where FCCI dominates above 665 °C and limits the burnup to almost zcro.  For cases with

no Pu, FEAST predicts FCCI will not limit fuel performance until over 700 °C.

In some cases with lower clad temperatures the limits were never reached over the course
of the 20 year run. In these cases the expected failure mechanism reported in Table 5-11 is that

which is most significant at the end of the run.

One interesting result from this data is that a higher burnup can be achicved for a given
peak clad temperature by using a higher power. This is duc to the time-dependent naturc of
creep strain: the higher burnup occurs over a shorter amount of time and results in less creep
strain. Figure 5-20 shows this behavior, for the basc fuel having nominal clad thickness, and
smear density and plutonium content of 75% and 19%, respectively. At a given clad temperature

an increase in power will correspond to an increasc in predicted achievable burnup.

Other notable observations from Table 5-11 arc that incrcasing the clad thickness by 20%
provides only a slight gain in predicated achicvable burnup which diminishes as peak clad
temperature rises. Furthermore increasing the smear density significantly limits the performance

of the fuel, as expected.
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Table 5-11- Overview of the results from the parametric study on fuel pins with the geometry of SPRSIM driver fuel, the full results can be

found in Appendix A.

500 °CPCT 550 °C PCT 600 °CPCT 650 °C PCT 700 °C PCT
Linear PU Clad Smear Limit Burnu Limit Burnu Limit Burnu Limit Burnu Limit -
Power Thickness | Density | Type P Type P Type P Type P Type P
kwW/m | % mm % Atom % Atom % Atom % Atom % Atom %
15 | 19| 056 75 Total | .o | Total | 5o |Therm | o | Therm i g | kcar | 0.1
Strain Strain Strain Strain
15 | 0| 056 s | Total | oo | Total |y, | Therm |, | Therm | gg Therm | \A
Strain Strain Strain Strain Strain
20 [19| 056 gg | Total L o | Total g [T 010 Therm 1 ge | fca | o1
Strain Strain Strain Strain
T Th
20 | ol 056 g5 | Total o gg | Total Loy e o0 Therm | g g €M 45
Strain Strain Strain Strain Strain
Total ! Y
25 |19 | 056 75 otal | o | Total | g5 | Therm ) 53 Therm | 110 | rcar | 01
Strain Strain Strain Strain
I T Th Th
5 | o| o056 75 | 1or 3 otal | o [Therm | 535 €M1 110 M 5o
Strain Strain Strain Strain Strain
T
15 | 19| 049 75 otal | 5o |Therm | oq | TheM | 45 Therm | oo | fca | o1
Strain Strain Strain Strain
Th
15 | o | 049 g | Total oy [ Therm | g [ TREM I 450 Therm |5, €M1 NA
Strain Strain Strain Strain Strain
15 | 19| 067 g5 | Total | gy | Total | oy jTherm 5a, Therm | 100 | Fca | 01
Strain Strain Strain Strain
T T T
15 | o| o067 75 otal | oo | Total | gy | Therm | gy | TR 100 herm | A
Strain Strain Strain Strain Strain
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Table 5-11 continued.

f 2

500 °C PCT 550 °C PCT 600 °C PCT 650 °C PCT 700 °C PCT
Linear Py Clad Smear Limit BUTNU Limit BUINU Limit Burnu Limit Burny Limit Burny
Power Thickness | Density | Type P Type P Type P Type P Type P
kW/m | % mm % Atom % Atom % Atom % Atom % Atom %
T
15 | 19| 056 80 oF | 150 | coF | 190 |TeM Il g5 | TRE™M I g0 | Fcal | 01
Strain Strain :
Th T
15 | 0| 056 80 COF | 150 | CDF | 17.0 erm | o5 | Therm g [ Therm A
Strain Strain Strain
15 | 19| 0.6 g5 | Total | g | Torl L | Total g Total | 3¢ | fca | o1
Strain Strain Strain Strain
Totat T Total | Th
15 | o | o056 85 otal | g | Total |55 | TOt&} 4y | TR 5 erm i NA
Strain Strain Strain Strain Strain
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Figure 5-20- The FEAST predicted burnup limit for a fuel pin at three different power levels. As
the power level increase the predicted burnup aiso increases for a constant clad temperature.

5.4.2.S-PRISM Radial Blanket

The sccond gecometry examined paramctrically also comes from the S-PRISM design: the
radial blanket. The blanket pins have a significantly increased diameter and tighter pitch with
respect to the driver fucl. The pin geometry is detailed in Table 5-12. Smear density and clad
thickness are not varied for this case; the only parameters varicd are plutonium content (0, 19
at%), power (10, 15 kW/m) and inlet temperature (same range as Table 5-10). Pu would not
traditionally go into a blanket region, it is considered here as the interest is for theoretical pins of
the given geometry. The full results are given in Appendix A and an overview of the data can be
found in Table 5-13. The FEAST runs werc again 20 years for this fucl, but duc to the much
lower volumetric power rate the pins had much lower burnups at the end of life. Once again

FEAST predicts that increasing the linear power will allow for a higher achievable burnup for a

given peak clad temperature.
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Table 5-12- FEAST input data used to model S-PRISM blanket pins.

Input Parameter

Sample Assembly

Geometry Clad Outer Radius (mm) 6.005
Clad Inner Radius {(mm) 5.446
Fuel Outer Radius (mm) 5.023
Wire Wrap Radius (mm) 0.47
Plenum to Fuel Ratio 1.2
Axial Node Length .145
Fuel Zr weight fraction 10
Conditions Pu weight fraction 0
Initial Fill Gas Pressure (kPa) 84
Calculation Time Periods in Rod History 2
Parameters Number of Axial Nodes 7
Time Step (seconds) 10
Flux Conversion Factor 5.0

Table 5-13- Overview of the results from the parametric study on fuel pins with the geometry of
S-PRISM blanket, the full results can be found in Appendix A.

500 °C PCT 550 °CPCT 600 °C PCT 650 °C PCT
Linear Clad Smear Limit Limit Limit Limit
Power Pu Thickness | Density | Type Burnup | Type Burnup | Type | Burnup | Type | Burnup
kW/m | % | mm % Atom % Atom % Atom % Atom %
Total Total Therm
10 19 | 0.56 70 Strain | >10 | Strain | >10 | Strain | 4.5 | NA
Total Total Therm
10 0 0.56 70 Strain | >10 | Strain | >10 | Strain 50 | NA
Total Total Therm Therm
15 19 | 0.56 70 Strain | >10 | Strain | >10 | Strain | 5.5 | Strain | 2.0
Total Total Therm Therm
15 0 0.56 70 Strain | >10 | Strain | >10 | Strain | 6.0 | Strain | 1.5
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5.4.3.Tight Pitch Breed and Burn Fuel

The final geometry examined parametrically is breed and burn fuel that has a very tight
pitch. The pin geometry is detailed in Figure 5-14. The variables examined for this fuel are
power (10, 15, 20, and 25 kW/m) and fuel venting. Vented fuel pins are not sealed so do not
build up plenum pressure duc to fission gas. For the purposes of this simulation the pressure in
the pins vents at 500 kPa so the plenum pressure will always be below 500 kPa. Also of note
this pin type has a low smear density of only 63%. The FEAST runs were for 40 years for this
fuel because the venting allows for a longer lifc and because it takes appreciable time to breed

enough plutonium in blanket assemblies before the blanket becomes the driver.

The full results are given in Appendix A, an overview of the data can be found in Table
5-13. Not surprisingly, the vented pins could achieve significantly higher burnups than the
unvented pins. In some cases, at lower peak clad temperatures, it was impossible to predict what
the eventual failure mechanism would be because FEAST predicted so little damage to the clad
at high burnup (20-30 at. %). For these cases a question mark is entered for the failure
mechanism in Table 5-15. As was obseived for previous geometries, in all cases for the breed

and burn pins higher power allowed for a higher achievable burnup.

Table 5-14- FEAST input data used to model breed and burn fuel pins.

Input Parameter Sample Assembly
Geometry Clad Outer Radius {mm) 5.22
Clad Inner Radius (mm) 4.72
Fuel Quter Radius (mm) 3.747
Wire Wrap Radius (mm) 0.711
Plenum to Fuel Ratio 0.72
Axial Node Length 125
Fuel Zr weight fraction 5
Conditions Pu weight fraction 0
Initial Fill Gas Pressure (kPa) 84
Calculation Time Periods in Red History 2
Parameters Number of Axial Nodes 20
Time Step (seconds) 10
Ftux Conversion Factor 5.0
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Table 5-15- Overview of the results from the parametric study on breed and burn fuel pins. Fuel Pin venting means the plenum pressure of the

pin is vented so the pressure does not exceed 500 kPa.

500 °C PCT 550 °C PCT 600 °C PCT 650 °C PCT 700 °C PCT
Linear Py Fuel Pin{ Smear Limit Burnu Limit BUIMU Limit Burnu Limit Burnu Limit Burnu
Power Venting | Density | Type P Type P Type P Type P Type P
kW/m % % Atom % Atom % Atom % Atom % Atom %
Total Therm Therm Therm
10 0 No 63 Strain >30 Strain 17.0 Strain 7:3 Strain 3.0
Th T
10 0 Yes 63 ? >30 ? >30 erm | o5 [ eI 100
Strain Strain
Therm Therm Therm Therm
15 0 No 63 Strain 20.0 Strain 10.0 Strain 3. Strain 2.0
15 0 Ves 63 Ther'm 530 Ther'm 255 Ther.m 11.0 Ther.m 45
Strain Strain Strain Strain
Therm Therm Therm Therm
20 0 No 63 Strain 22.0 Strain 105 Strain 4.5 Strain 2.0
Therm Therm Therm Therm
20 0 Yes 63 strain | 730 | stwain | 2% | strain | 2 | strain | 00
Therm Therm Therm
11. 4. 2.0
25 0 No 63 Strain 0 Strain > Strain
Therm Therm Therm
. 29. . 15. . .
25 0 Yes 63 Strain 0 Strain >0 Strain 6.0
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Chapter 6. Conclusions

6.1. Conclusions

The major conclusions and takcaways from this thesis are listed below. The key original

contributions are items 2, 4, and 7.

1) COBRA-IV-I-MIT is an updated version of COBRA that contains several new
correlations for pressure drop, mixing and heat transfer. It was benchmarked with the
available experimental data consistently producing less than 5% error. This compared
favorably to the experimental uncertainty from the benchmarks, which, while hard to

quantify, was similar in magnitude.
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2) Azimuthal symmetry was an acceptable assumption for fuel performance models in
regards to added clad stress. Finite clement analysis with supporting hand calculations
showed the added stress generated by limiting axial peaking functions is very low (~1%)
and should not contribute significantly to creep strain. Clad temperature peaking can be
caused by azimuthal effects however, affecting the creep in the clad. To account for this
FEAST was modified to calculate clad creep performance metrics at an additional pcak

temperature if desired.

3) Under the assumptions uscd clad strains of up to 3% will not causc gcometry changes
that have a significant effect on the assembly thermal hydraulic behavior. Furthermore,
therc was no way to gencrate an accurate three-dimensional geometric evolution of the
assembly with the available codes. Therefore, it was not necessary to modcl the
deformed assembly gecometry in COBRA, which makes one-way coupling between
COBRA and FEAST acceptable. However, the deformed assembly geometry can still be

modeled in COBRA if an accurate description of the behavior is available.

4) CAFE is a coupled thermal hydraulic fucl performance model that uses COBRA-IV-I-
MIT and FEAST to predict assembly behavior. It was written in the Python language. It
operates with a single input file and handles all the interaction with COBRA and FEAST.

5) No good scts of data werc available for benchmarking a full fucl assembly performance
code such as CAFE. COBRA and FEAST were cach benchmarked independently and
proved accurate. CAFE was compared to FEAST benchmarks and good agreement was

established.
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6) Using CAFE, a limitation on the FEAST node size was identified. Using FEAST node
sizes greater than 10-15 cm can lead to very inaccurate results. CAFE was verified to

ensure that solution convergencce is achicved as the node size is reduced.

7) Having the ability to examine cvery fucl pin in an assembly design raised the question of
which fuel pins should be looked at when resources are limited. A parametric study of
fuel pin behavior was conducted with FEAST to detcrmine expected failure mechanisms
and achievable burnups for different pin gecometries, and how the failure mechanism and
burnups vary with parameters like peak clad temperature, power, and plutonium content.

These results arc uscful in the preliminary design of SFR fuel rods and assemblies.

- 6.2. Future Work

Future work for this project would include any updates or improvements to COBRA or
FEAST and further application and benchmaiking of CAFE. Specific suggestions for future

work are listed below:

1) The use of CFD to improve the correlations used in COBRA. COBRA-IV-I-MIT uses
the most recent correlations found in the literature, however some of these correlations
are 20-30 years old. The correlations arc all based on the same data sets that are used to
benchmark the code so it is no surprisc that good agreement is found between the code
and the limited experimental data. Short of conducting new experiments, CFD may be
the best way to gencrate data to develop higher-fidelity correlations. CFD could be
particularly useful to produce correlations for fringe regions where little experimental

data exists, such as extremely tight fucl pitches (P/D<I.1).
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2)

3)

4)

5)

6)

Changing FEAST to allow for finer axial nodalization. The current limit in FEAST is 20
axial nodes. While this allows fine enough node sizes for fuel rods of 1-2 meters long,

longer fuel lengths and very detailed examination arc problematic.

Development of FEAST to allow for data input and output during a run or to allow for
restart files. One of the limitations to two-way information passing is the
computationally intensive nature of FEAST. Currently, FEAST requires all input data at
the start of a run, meaning that for coupling it must be run to completion before COBRA
can be updated and generatc data for the new geometrics produced. If FEAST could be
pauscd or restarted, input and output data could be processed during a run, so that long

FEAST runs could be broken down in to short scgments of months or years in between
which COBRA could be update and run.

Development of a three-dimensional mechanical analysis code to examine the interaction
between the pin swelling, the wire wraps and the duct wall. Further considerations to
examine for the duct wall would be dilation due to pressure difference and irradiation
damage. A threc-dimensional fuel performance model would be necessary for this
analysis. Such a code would provide valuable insight into the swelling behavior of an

SFR assembly with time.

Extension of FEAST into three dimensions. This is closely tied to the previous item, as a
threc-dimensional fucl rod model would likely be nceded for such an analysis code. To
accurately pass coolant information to a three-dimensional codc a better implementation

of azimuthal hot spot factor with correlations would be needed.

Further benchmarking on more complete sets of assembly performance data for CAFE.
This item is limited to the lack of available data, but should fuel performance data
become available for a full assembly with multiple pins a good benchmark for CAFE

could be completed.
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7) Application of CAFE to assembly design. Now that the tool has been developed and

tested it can be used to test new assembly designs!
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Appendix A: Fuel Pin Parametric Study
Data

This appendix contains all the data from the fuel rod parametric studies discussed in
Section 5.4. For each condition studicd there are three tables: Thermal Creep Strain, Irradiation
Creep Strain, and Total Creep Strain. Thesc tables have strain valucs ranging from 0.1% to
3.0%. The burnup at which cach strain value occurred is listed for nine different peak clad
temperaturcs. } no value is listed it means the run terminated betore that strain value was
reached. The four ways for a run to teririnate are: FCCI limit, CDF 1imit, Total Strain limit, or it
reached full duration. To determine what caused a particular run to terminate refer to the column
in the total creep strain table. If “FCCI” or “CDF” appears then the run ended before this level
of strain was reached duc to the FCCT limit or the CDF limit. If these letters do not appear but a
burnup is given for 3.0% that is not the End of Life (EOL) burnup then the total creep strain limit
was hit. Othcrwise the run lasted the full duration. The EOL burnup listed on cach table shows
what the burnup would be for the pin if the run lasted the full duration. For some of the cases

below the listed EOL burnup was not rcalized for any of the peak clad temperatures.
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S-PRISM Driver Fuel 200-213
Linear Power  Plutonium Clad Smear
(kW/m) Content (%) Thickness Density (%)

(mm)
15 19 0.56 75 200
15 0 0.56 75 201
20 19 0.56 75 202
20 0 0.56 75 203
25 19 0.56 75 204
25 0 0.56 75 205
15 19 0.49 75 206
15 0 0.49 75 207
15 19 0.67 75 208
15 0 0.67 75 209
15 19 0.56 80 210
15 0 0.56 80 211
15 19 0.56 85 212
15 0 0.56 85 213
S-PRISM Radial Blanket 214-217
Linear Power  Plutonium Clad Smear
(kW/m) Content (%) Thickness Density (%)

(mm)
10 19 0.56 70 214
10 0 0.56 70 215
15 19 0.56 70 216
15 ' 0 0.56 70 217
Tight Pitch Breed and Burn Fuel 218-225
Linear Power  Plutonium Fuel Venting  Smear
(kw/m) Content (%) Density (%) :
10 0 No 63 218
10 0 Yes 63 219
15 0 No 63 220
15 0 Yes 63 221
20 0 No 63 222
20 0 Yes 63 223
25 0 No 63 224
25 0 Yes 63 225
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S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.56 mm
Plutonium Content 19% Srnear Density 75%
Duration 20 years EOL Burnup 30.7

Thermal Creep Strain
501.60 52266 543.71 564.76  585.77 606.74
o 5295651 2006 1428 6 8ss

24.70 17.14 11.84

r 26.84 1882 1319
28.39 19.99 14.11
29.57 2092 14.87
22.51 16.17
2360  17.05
25.03 18.19
Irradiation Creep Strain
501.60 522.66 543.71 564.76 58577 606.74 627.69 643.62 668.98
10.10 13.15 = 10.63 9.16 836 7858 948 57548 e
0.20 15.08 12.85 11.42 10.54 1037  9.91 7.73
0.30 16.51 14.49 13.31 1239 . a%dR. o 1ER0 L gdB i
0.40 17.85 15.96 14.95 13.99 13.78 13.19 10.25
0501907 1730 16257 1541 - 15200 1A THdiE
0.75 21.42 19.99 19.11 18.48 18.27 16.72 12.98
AR P38 ORI 0D 20,83 18.44
1.50 26.80 2566 2524 2507  25.07
b SO as R R R L
" 3.00

: Total Creep Strain
501.60 522.66 543.71 56476 58577 606.74 627.69 64862  668.98
Wi 13n0 S A0ER IOl e rELE s 466501 2wiiad
15.08  12.85 1138 1050 1025  8.48 6.17
SRR e S cordBR TR b e R ot
0.40 17.85 1596 1495 1394  13.73 1092  8.02
L ASRT a0 s e s AR sy s R
0.75 2142 1999  19.07 1840  17.56  13.48
AR s BB TolE e aeBl T
26.75  25.66 2524 2503 2155  16.34
002827 adasl B 0gas i DA
3.00 ' 25.16  18.82
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S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.56 mm
Plutonium Content 0% Smear Density 75%
Duration 20 years EOL Burnup 30.7

Thermal Creep Strain

501.60 522.66 543.70 56476 585.76 606.74 627.69 648.61 668.98

0.10 2898  19.87 ° 13.78 9:62 6.68 4.66 2.02

0.20 23.65  16.67 1176  8.27 5.80 2.90

030 25.83 1844 1306 9.24 6.55 3.53

27.43 1966 1403 1000 7.10 3.99

JReH 2058 1478 ‘1084 | F52 4.41

2230 1604 1159 832 5.17

100 23.48 16.93 1226  8.86 571

1.50 2499  18.06  13.15 958 6.55
2.00 13.69  10.04

3.00

Irradiation Creep Strain

501.60 522.66 543.70 564.76 58576 606.74 627.69 648.61 668.98
0io @ 1315 10.63 9.07 8.15 7.64 727 5.96 437 1.93
0.20 14.83 12.77 11.21 10.33 9.91 9.62 7.90 5.75 2.90
03 1617 14.36 13.02 12.10 11.76 11.47 9.24 6.72 3.65
0.40 17.47 15.79 14.57 13.61 13.36 13.10 10.33 7.52 4.28
0.50 18.65 17.09 15.88 14.99 14.74 14.32 1191 8.19 4.83
0.75 20.16 19.66 18.61 17.93 17.72 16.63 12.89 9.41 5.92

1.00 21.55 21.88 20.71 20.41 20.20 18.35 6.76
1.50 24.15 25.03 24.23 24.49 24.07

2.00 26.42 26.96 27.22 27.76

3.00

Total Creep Strain

501.60 522.66 543.70 564.76  585.76  606.74 627.69 648.61 668.98

Q10 13315 1458 9.07 8.11 %52 6.59 4.96 3.53 1.30
0.20 1483  12.77 1117 1029 983 8.48 6.34 4.49 1.97
0.30 fady 0 WERY ' d293. 4005 1163 . 9.87 7.31 5.21 2.48
0.40 1743 1575 1453  13.57  13.23 1092 811 5.75 2.90
0.50 i85 | 09 1588 ‘Maler 0 1462 1176 874 6.22 3.28
0.75 2016 1961 1861  17.85  17.14 1340 991 7.10 3.99
1.00 BI85 s doTi i iBaida ) a8l a6 el T 4.58
1.50 2415 2503 2423 2436 2121 1625  12.01  8.69 5.42
W Joax  TB6 2747 9764 2289 1735 1277 932 6.09
3.00 2507 1869 1378 1008 7.1
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S-PRISM Driver Fuel

Linear Power 20 kW/m Clad Thickness 0.56 mm
Plutonium Content 19% Smear Density 75%
Duration 20 years EOL Burnup 40.9
Thermal Creep Strain
54589  567.31 588.69 €10.08 63140 65268 67393 695.15
Wi Eapcivid BEVER B T S el P e e B
0.20 27.08 1884  12.85  8.97 6.11
Ll 293 Ud0s2 4R el BlERe0
30.89  21.75  15.19 ; 7.51
37127 22650 15097 38 0 g2
2422 17.21 . 8.91
2534 4 18 1317 0 1053
19.23 10.32
Irradiation Craep Strain
54589 567.31 588.69 610.08 63140 652.68 673.93 695.15 715.59
WG TLoeg 1 9o Ui Ts 7.79 583 1392 ;
0.20 1228 1177 11.21 1026  7.79 5.38
030 1418 /21357 #1334 1. 120000 - 929 s A4S
0.40 15.87  15.08 1491 1340  10.26  7.29
0507 738 00 1648 1620 14,58 L AT g ee bl PR
0.75 2029 1951 1906 1687 1301  9.36
1.00 22.59 ¢ 2198 - 21353 1867 1435° 1037
1.50 2573  25.62 2556
[2009 0 D803 i g4
3.00
Total Creep Strain
54589 567.31 588.69 610.08 631.40 652.68 673.93 69515 715.59
1 9.98 9.14 8.69 6.90 4788 5 L300 fzeo8s ey B o
12.22 1172 1116 897 6.50 4.37
12030 FA3sn isEe T Ay RS g e
15.81  15.02 1491 1149 841 5.77
a2 164 DBy vidEy L LsgeE e 0g
2029  19.45 1856 1413 1037  7.23
Dolsy B TG TIBRYS A8k e
25.73 2562 2276 1710 1267  9.08
28037 2848 12488 | 18R sl ey
3218 3240 2657 1973 1469  10.71
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S-PRISM Driver Fuel

Linear Power 20 kW/m Clad Thickness 0.56 mm
Plutonium Content 0% Smear Density 75%
Duration 20 years EOL Burnup 40.9

Thermal Creep Strain

545.89 567.31 588.69 610.08 631.40 65268 673.92 695.14  715.59

010 G487 | 1525 ADie5... 7.34 4.99 2.41 1.74 0.90
0.20 2629 1828  12.89  9.03 6.22 3.36 2.47 1.51

1 0.30 2859  20.07 14.24 10.04 7.01 3.98 2.97 1.91
0.40 3022 2130  15.19 1076  7.62 4.48 3.31 2.24
050 Floge it - IS b v MR- 7 4.88 3.59 2.47
0.75 2399  17.21 12.33 891 5.61 4.20 2.92
1.00 2523 | i4d05 1301 947 6.17 4.60 3.31
1.50 19.17 13.90 10.20 6.95 5.21 3.81
2.00
3.00

Irradiation Creep Strain

: 54589 567.31 588.69 610.08 631.40 652.68 673.92 695.14  715.59
g10 975 8.69 8.07 7.57 6.11 4.15 1.96 1.40 0.90

0.20 11.94 11.04 10.26 9.98 7.96 5.61 2.92 2.07 1.35
0.30 13.74 13.06 12.05 11.89 9.31 6.62 3.64 2.63 1.68
0.40 15.36 14.58 13.62 13.46 10.37 7.40 4.26 3.03 2.02
0.50 16.82 15.92 15.02 14.63 11.27 3.07 4.71 3.36 2.24
0.75 19.73 18.78 17.49 16.93 12.95 9.42 5.77 4.15 2.80

1.00 22.03 2125 19.57 18.67 14.24 10.37 6.62 4.71 3.25
1.50 25.40 24.61 23.32

200 2753 27.13

3.00

Total Creep Strain

545.89 567.31 588.69 610.08 63140 65268 673.92 695.14 715.59
0.10 9.70 8.63 7.96 7.01 5.21 3.42 1.46 1.01 0.50
0.20 11.94 10.99 10.26 9.03 6.67 4.54 2.19 1,57 0.90
0.30 13.74 13.01 12.05 10.43 7.74 5:33 2.69 1.96 1.18
0.40 15.31 14.58 13.57 11.55 8.52 5.89 3.14 2.30 1.40
0.50 16.76 15.87 14.97 12.45 9.14 6.39 3.53 2.52 1.63

0.75 19.68 18.78 17.49 14.13 10.37 7.34 4.26 3.08 2.02
100 @ 2203 21.19 19.57 15.36 11.32 8.07 4.82 3.53 2.35
1150 25.40 2461 2231 17.10 12.56 9.08 5.66 4.15 2.86
200 @ 2783 27.13 24.11 18.22 12.40 9.75 6.34 4.65 3.25

3.00 30.78 31.51 26.52 19.68 14.41 10.65 7.23 5.38 3.87



5-PRISM Driver Fuel

b_f; Linear Power 25 kW/m Clad Thickness 0.56 mm
1 Plutonium Content 19% Smear Density 75%
Duration 20 years EOL Burnup 51.1
i Thermal Creep Strain
590.34 612.08 633.81 65548 677.13 698.70 72023 741.72 762.28
R B Bl06: s s il
20.74 1423 988 6.87
i2isrElinses Ao
23.76 16.68 11.77 834
24747 178 gl e
2635 1871 1353 974
2754 1962 1423 1030
20.74 1521  11.07
irradiation Creep Strain
590.34  612.08 633.81 65548 677.13 698.70 72023 741.72
a0 U0 beo iBos 58 A B HTER T
0.20 1247 1065  7.99 5.68
s 0305 . 1465 1 1247 946 6.73
4 040 1626 1395 1058  7.57
' 050k @7.45.0 0 15140 L1149 87
0.75 2011 17.52 1338  9.67
1.00 22.43 19.34 1479 1065
1.50 26.07
5200 8ag
3.00
Total Creep Strain
590.34  612.08 633.81 65548 677.13 698.70 72023 74172 762.28
forobe AE LR L 3.57 FECk sl ¥ Eer FCCIE | FECH
1233 953 6.87 4.77
27 TR (7 ey o) 5.61
15.98 12.26 890 6.31
LR S8 o8 g6 6.80
19.69 1507  11.00  7.85
PRl T R b o
2418 1829 1345 967
26,00  19.55 1444 1044
. 28.45  21.09 1563 1135
k



S-PRISM Driver Fuel

Linear Power 25 kW/m Clad Thickness 0.56 mm
Plutonium Content 0% Smear Density 75%
Duration 20 years EOL Burnup 51.1

Thermal Creep Strain

590.34 612.07 633.81 65548 677.13 £98.70 720.23 74172  762.28

Bigii 1795 | Hiol 320 5.54 2.80 1.89
0.20 20.67 1423  9.95 6.87 3.78 2.73
0.30 3767 §8e3 1107 ¢ L371 4.49 3.22
0.40 23.83 1661  11.84 834 4.98 3.57
0.50 3481 4738 ' 1240 883 5.40 3.92
0.75 26.56 1864 1338  9.67 6.17 4.49
Mos " 5795 Hdes . 1409 1023 673 4.91
1.50 20.67 14.93 10.93 7.50
200 :
3.00

Irradiation Cré-e_p Strain

590.34 612.07 633.81 65548 677.13 693.70 720.23 74172  762.28
0.10 8.48 7.99 6.31 4.27 1.96 1.40

0.20 11.14 10.30 8.27 5.75 3.01 2.10
0.30 12.96 12.19 9.67 6.80 341 2.59
0.40 14.51 13.88 10.79 7.64 4.27 3.01
0‘50 . 1v9 15.14 11.70 8.34 4.84 3.36
0.75 18.92 17.52 13.46 9.67 5.82 4.06
1.00 21.51 19.34 14.79 10.65 £.66 4.70
1.50 24.46

2,00 . 2635

3.00

Total Creep Strain

590.34 612.07 633.81 65548 677.13 698.70 720.23 741.72  762.28

010 841 7.36 5.54 3.64 1.47 0.98 FCCl FCCl FCCI
0.20 11.00 9.60 7.15 4.84 2.31 1.61
0.30 ~ 1206 11.14 8.27 5.68 2.87 2.03
0.40 14.51 12.33 9.11 6.31 3.36 2.38
050 15.91 13.32 9.81 6.80 3.78 2.66
0.75 18.92 15.07 11.14 7.85 4.49 3.22
1.00 21.37 16.40 12.12 8.62 5112 3.64
1.50 24.18 18.22 13.46 9.67 6.03 4.34
2.00 26.07 19.48 14.30 10.37 6.66 4.84
3.00 28.66 21.02 15.35 11.28 7.64 5.54



R

7

T Y

S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.49 mm
Plutonium Content 19% Smear Density 75%
Duration 20 years EOL Burnup 28.6
Thermal Creep Strain
499.23  520.29 541.33 56237 583.37 604.34 62528 646.19 666.54
0.10 : 24:95 .0 17162112108 808 2.8
0.20 2079 1440  9.93
10.30 2260, Fia5.818 G400
0.40 23.89 1679  11.85
b.50 24817 ApEglb Ay A
26.76 1891 1357
S iR707, T RgEsl i
21.03 15.26
LiiEEs e
irradiation Creep Strain
499.23 52029 541.33 56237 58337 60434 62528 646.19 666.54
010 5 MZBT 1008 D885 1 sy T 667 sa0tid s R
0.20 14.32 11.86 1036  9.53 9.10 8.67 6.83 4.04
$D.300 . 558 ¢ 18.42 11,89 1098 . 1095 341D32 i g4 ilE aoRi
0.40 16.60  14.55 13.26 1228 1212 11.57
- 0.50 1758 15,65.: 1448 | 1346 - 1330 7 21950
0.75 19.77  18.09  16.99 16.05 1585  14.63
£1.00 2354 (L 49:97 1 ;11899 i 18200 S 48050
1.50 2452 2319 2248  21.81
2.00 27.07 i 25,93 12597 - D488
3.00
Total Creep Strain
499.23 52029 541.33 56237 58337 60434 62528 646.19 666.54
12,63 /122000 ¢ 1851 1753 710 569 4087 188
1428  11.89 1032  2.49 9.02 7.34
LSRRI T AR LIRS g L aeiesl e
16.60 1455  13.22 1224  12.04  9.38
A8 U A5 ES i s s ey
19.77 1805 1695 1597 1514  11.49
21.54% 101997 HA1889 1 8R L iRagl a5
2452 2319 2244 2173 1840  13.89
2.00 27.07% 3525037 TS0 N JaeR A8 8EE faiye
3.00 2813 2138 15093
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S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.49 mm
Plutonium Content 0% Smear Density 75%
Duration 20 years EQOL Burnup 28.6

Thermal Creep Strain

499.23  520.29 541.33 562.37 583.37 60433 62528 646.19 666.54

0.10 24.25 16.63 11.53 8.08 5.65 3.92 1.49
0.20 28.40 19.77 13.97 9.85 6.94 4.86 2.24
0.30 21.66 15.42 10.95 7.77 5.49 . |
0.40 22.99 16.44 11.73 8.36 5.92 3.14
050 24.05 17.22 12.36 8.83 6.32 3.45
0.75 26.01 18.67 13.46 9.69 6.98 4.08
100 27.46 19.69 14.20 10.28 7.41 4.55
1.50 20.99 15.18 11.02 8.04 5.26
2.00 15.77 11.49 8.40

3.00

Irradiation Creep Strain

499.23  520.29 541.33 562.37 58337 60433 625.28 646.19 666.54
gl0 1279 10.08 8.55 7.49 6.90 6.43 5.34 3.88 1.61

020  14.28 11.85 10.24 9.38 8.79 8.43 6.94 5.06 2.43
1030 15.34 13.26 11.65 10.79 10.28 10.00 8.12 5.92 3.10
0.40 16.32 14.40 12.95 12.00 11.61 11.34 9.06 6.59 3.61
0.50 17.26 15.46 14.12 13.14 12.79 12.55 9.81 7.18 4.08
0.75 19.38 17.77 16.60 15.61 15.34 14.55 11.30 8.24 5.02
160 = 2052 19.62 18.52 17.73 17.46

1.50 22.64 22.87 21.77 21.22 20.91

2.00 24.60 25.62 24.40 24.17

3.00

Total Creep Strain

499.23 520.29 541.33 562.37 583.37 60433 62528 646.19 666.54
i, @ 1275 10.08 8.47 7.41 6.75 5.81 4.35 3.14 1.02

0.20 14.24 11.81 10.20 9.30 8.71 7.38 5.49 3.92 1.53
\ 0.30 15:30 13.26 11.61 10.75 10.20 8.47 6.32 4.47 1.96
0.40 16.32 14.40 12.91 11.97 11.49 9.38 6.94 4.94 2.31
0.50 17,22 15.42 14.08 13.10 12.63 10.08 7.45 5.34 2.59
0.75 19.38 17.77 16.56 15.54 14.71 11.46 8.43 6.04 4,22
100 @ 2052 19.62 18.52 17.65 16.09 12.44 9.18 6.59 3.69
1.50 22.64 22.83 2077 21.15 18.13 13.81 10.16 7.38 4.43
2.00 24.60 25.62 24.40 24.01 19.54 14.71 10.83 7.89 4.98
3.00 28.21 27.58 21.30 15.81 11.61 8.51 5.77
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S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.67 mm
Plutonium Content 19% Smear Density 75%
Duration 20 years EOL Burnup 33.0
Thermal Creep Strain
504.04 52511 54616 567.22 58824 60922 630.19 651.12 671.50
VR i e i 4.88
28.42 19.79 13.69
20300 30,90 (2170 1527
0.40 32.62 23.13 16.35
1050 283305 Farad
075 26.02 18.70
oo 2799101970
1.50 21.01
200 '
3.00
irradiation Creep Strain

504.04 52511 54616 567.22 58824 609.22 630.19 651.12 671.50
0.10 13.64 . 11.29 9.85 9.08 8.81 8.27 6.37 s
0.20 15.77 13.78 12.60 1170 11.47 11.16 .58 5.78
1030 17.53 57:15.81 =444 77 13.91 13.64  13.15 10.16  6.96
0.40 19.11 17.53 16.44 15.77 15.50 14.73 11.43 7.91
05D 2037 .. 1893 11798 17.44 17:87 =604 < e
0.75 23.18 21.96 21.23 2083 20.69 18.61
FLO0. 25390 2400} 12376 123637 1 236800 0D5E
1.50 27.01 2774  27.78 2796  27.60
- e o oy i S B L
3.00

Total Creep Strain

504.04 52511 546.16 567.22 588.24 609.22 630.19 651.1 671.50
W e haos ensh 9,04 VB T 93y BoNIT SRul i REGE
0.20 15.77 13.78 12.56 11.66 1143  9.58 7.00 4,52
RUSUL BT ER s ADE a3kl B et BRI Bl
0.40 19.11 17.53 16.44 15.72 15.45 12.42  9.08 6.05
0,50 20.37 s 1Rl T G L e b b L O ) o ipE0
0.75 23.13 21.96 21.23 20.78 19.83 15.36 7.72
00T R et aA e o I s 3 854
1.50 27.01 27.74 2778 27.92 2448  18.70 9.71
- 2.00 2855 3063 3072 3099 2638  19.97 10572 ¢ =
3.00 31.53 28.78  21.59 11.66
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S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.67 mm
Plutonium Content 0% Smear Density 75%
Duration 20 years EOL Burnup 33.0

Thermal Creep Strain

504.04 52511 546.16 567.22 588.24 609.22 630.18 651.12 671.50

0.10 22109, 08599 M3l irR 5.38 357
0.20 2733 1934 1360  9.58 6.73 3.66
030 gdidn E¥iaz 1548 | Fiowsy H5e 4.38
0.40 31.71 2277 1626 1157 822 4.92
0.50 385 ivag Rrdnay | Tgme 5.38
0.75 2575 1857 1342  9.67 6.23
1.00 27.11 1961 1419 1030 691
1.50 20.87 1111 7.82
2.00

3.00

Irradiation Creep Strain

- - 504.04 52511 54616 567.22 588.24  609.22 630.18 651.12  671.50
010 - 1364 11.25 9.71 8.94 8.36 8.09 6.60 4.79 2.21

0.20 15.54 13.60 12.29 11.43 11.11 10.80 8.76 6.32 3.34
10.30 17.26 15.54 14.41 13.51 13.24 13.01 10.25 7.45 4.20
0.40 18.79 17.26 16.04 15.27 15.04 14.68 11.47 8.36 4.92
0.50 20.24 18.61 17:53 16.90 16.62 15.99 12.47 9.13 551
0.75 22.95 21.64 20.33 20.28 20.06 18.57 14.41 10.53 6.73
1.00 - 24.67 23.81 22.68 23.04 22.86 20.46 11.57 7.68

1.50 26.52 26.25 26.61 27.47 26.92
2.00 28.10 28.51 29.73 30.63
3.00

Total Creep Strain

504.04 525.11 546.16 567.22 588.24 609.22 630.18 651.12 671.50
0.10 13.64 11.20 9.67 8.85 8.31 7.36 5.5 3.89 1.58

0.20 15.54 13.60 12.24 11.38 10.98 9.58 7.14 5.06 2.39
0.30 17.26 15.54 14.37 13.46 13.15 11.16 8.31 5.92 3.03
0.40 18.79 17.21 16.04 15.22 14.95 12.38 9.17 6.55 3.52
0.50 20.24 18.61 17.53 16.81 16.58 13.37 9.89 7.09 3.93
0.75 22.95 21.64 20.33 20.19 19.43 15.27 11.29 8.13 4.79
100 2467 23.81 22.68 22.99 21.37 16.67 12.33 8.90 5.42
1.50 26.52 26.25 26.61 27.42 24.12 18.57 13.73 9.98 6.46
2o 2310 2851  29.73 30.63 26.07 19.88 14.68 10.71 7.23
3.00 31.08 32.80 28.64 21.46 15.81 11.61 8.27
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Linear Power

Plutonium Content

Duration

15 kW/m

19%

20 years

S-PRISM Driver Fuel

Clad Thickness
Smear Density
EQOL Burnup

0.56 mm
80%
30.0

Thermal Creep Strain

501.60 522,66 543.70

564.76  585.76
1795 35

606.74

ok

10.39

i

12.66

14.70

. 15.64

16.93
17.80

627.69 648.61 668.98

1341 -

1137 7.96
1243  8.78
13.09 9.33

irradiation Creep Strain

210

501.60 522.66 543.70 564.76 58576 606.74 627.69 648.61 668.98
0.10 12390 se e 1011 8088 | eks 807 Bl :
0.20 1290 1258  11.37  13.21 13.72  11.05
0.30 13.25 12.97 12.74 14.62 16.11 12908
0.40 13.56 13.33  13.84  15.80 17.56
- 0.50 13.80 1364 (1474  16.70
0.75 14.39 14.31 16.31 18.38
1.00 14.90 . 14.93 17.29 19.48
1.50
1 2.00
3.00

Total Creep Strain

S01.60 52266 54370 56476 585.76 60674 627.69 648.61 668.98
comle e 5 R LI S ) 996 9 6.78 482 ¢ i 3ioii T tEE
0.20 12.90 1258  11.37  13.21 8.98 6.43 4.19
10.30 13.25 12.97 12.74 1462 10.43 7.45 5 498
0.40 13.56  13.33 13.84  15.76 1145  8.23 5.53
0807 I3g0 RN 1364 L aRTA v 1870 1227 - UBBE I 600
0.75 14.39 1431 1631 1838 13.76  10.00  6.90
00 ¢ adieo a9y o agm 19.44 1482 . do82 1 753
1.50 CDF CDF CDF CDF 1627 1196 843
200 i ' eS| sgA el
3.00 1850  13.68  9.84



S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.56 mm
Plutonium Content 0% Smear Density 80%
Duration 20 years EOL Burnup 2751

Thermal Creep Strain

501.59 522.65 543.70 564.75 585.76 606.73 627.69 648.61 668.97

010 17.05 11.68 8.00 5.49 3.72 1:34
0.20 14.46 10.23 7227 498 2.04
0.30 : 16.11 11.56 8.19 5.76 2.55
0.40 17.25 12.54 8.98 6.31 2.98
0.50 18.15 13.29 9.56 6.78 3.33
0.75 19.79 14.62 10.62 7.64 4.04
1.00 20.97 15:56 11.37 8.23 4.55
1.50 16.85 12.35 9.02 5.37
2.00 17.68 12.57 9.53 5.96
3.00

Irradiation Creep Strain

501.59 522,65 543.70 564.75 585.76 606.73 627.69 648.61  668.97

0.10 12.47 1121 1043 @ 890 9.56 9.49 8.27 6.04 2.86
0.20 12.74  11.88 1141  11.13 13.41 1352 1105  8.07 4.35
0.30 12.97 Aas. 1 1044 “HYent ) d5.64° 1607 11286 - 1841 5.45
0.40 13.21 1266 1270  14.31 17.17 1791 6.35
0.50 1384 42067 © 1347 11544 18.34

0.75 13.99 1356 1415  17.48  20.46

100 1454 1490  18.85 21.87

1.50

200

3.00

Total Creep Strain

501.59 522.65 543,70 564.75 585.76 606.73 627.69 648.61 668.97

0.10 12.47 1421 10.31 8.86 8.74 6.59 4.70 3:21 1.10
0.20 12.74 11.88 11.41 1143 11.72 8.82 6.35 4.43 1.72
0.30 12:97 . 4231 12.11 12.90 13.60 10.27 7.41 S, 2:23
0.40 13.21 12.66 12.70 14.31 14.97 1133 8.23 5.80 2.63
050 @ 1344 12.87 13.17 15.40 16.07 1215 8.86 6.27 2.98
0.75 13.99 13.56 14.15 17.44 17.99 13.64 10.00 17 3.65
100 . 14854 CDF 14.90 18.82 19.36 14.70 10.82 7.80 4.19
1.50 CDF CDF CDF 21.32 16.15 11.96 8.70 4.98
2.00 CDF 17.17 12.66 9.25 5.61
3.00 18.38 13.56 9.6 6.51
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5-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.56 mm
Plutonium Content 19% Smear Density 85%
Duration 20 years EOL Burnup 27.1

Thermal Creep Strain
501.59 _ 522.65 543.70 564.75 585.76  606.73 627.__68 648.61 668.97

s . SRR L
7.75 5.86 1.52
iiBog i eEe TR
7.61 1.89
050 mo e B : : : Sovar e
0.75 931  2.30
aloo T : : : ‘ NETRTREE e
1.50 3.04
2.00 : ot ; o 3

irradiation Creep Strain
501.59  522.65 54370 56475 58576 606.73 627.68 648.61 668.97
§0.40.0 07590 1 5.08 4.86 423, 2886 v iiD.89 249 50 1080 G0

1020 6.09 5.49 5.27 4.60 4.38 3.41 3.19 1.71
WP307 0 BE3 LST90 5 An0  LHBASE vEgs0 s B il b
0.40 6.42 6.05 575 5.16 531 4.30 4.23 2.45
050 857 6.27 5.94 5.42 564 468 460 278
0.75 6.98 6.72 6.38 5.97 6.12 5.45 5.42 3.60
1.00 .35 7.16 6.75 649 661 6.05 chpd TS
1.50 8.13 7.98 7.50 7.42 7.58 7.12 7.35

200 89 8.76 8.24 831 . B46 | 1 809 8.46

3.00

Total Creep Strain
501.59 522.65 543.70 564.75 585.76 606.73 627.68 648.61 668.97

010 5.90 508 482 423 " 386 Jse ipsd ot
0.20 6.09 5.49 5.27 4.60 4.38 3.38 3.12 1.04

0.30 6.23 5.79 5.53 4.90 4.86 3.86 3100 2
0.40 6.42 6.05 5.75 5.16 5.31 427 4.16 1.56
0.50 6.57 6.27 5.94 5.42 564  4.64 45375 174,
0.75 6.98 6.72 6.38 5.97 6.12 5.42 5.31 2.00
“1.00 7.35 7.16 675 640 T I BET 6.01 SO7 o9
1.50 8.13 7.98 7.50 742 753 7.05 7.05 2.60
1200 Be1 | B7e 8.24 827 .. 1842 7.87 8020 29rii
3.00 1043 1035  9.72 9.98 10.28  9.50 9.72 3.67
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S-PRISM Driver Fuel

Linear Power 15 kW/m Clad Thickness 0.56 mm
Plutonium Content 0% Smear Density 85%
Duration 20 years EOL Burnup 30.66

Thermal Creep Strain

501.59 522,65 543.69 564.75 585.75 606.73 627.68 648.60 668.97

a0 9.57 6.05 3.67 2.23 0.56
0.20 8.39 5.60 3.60 1.00
0.30 9.83 6.79 4.56 1.45
0.40 10.84 7.61 5.27 1.82
0.50 8.27 5.83 2.15
0.75 9.50 6.79 2.82
1.00 10.35 7.50 3.34
1.50 11.54 8.46 4.19
200

3.00

Irradiation Creep Strain

501.59 522,65 543.69 564.75 585.75 606.73 627.68 648.60  668.97

0.10 5.60 5.31 4.49 4.38 3.56 3.56 3.34 2.34 0.71
0.20 5.97 5.57 4.90 4.71 3.90 4.23 3.97 3.71 1.19
0.30 6.23 5.79 5.23 4.97 4.19 4.56 4.53 4.79 1.82
0.40 6.49 5.97 5.49 5.20 4.49 4.90 5.05 5.64 2.34

WEa . &7 6.16 5.75 5.38 4.79 5.20 5.49 6.38 2.78
0.75 7.20 6.57 6.38 5.86 5.45 5.90 6.57 7.79 3.71
1.00 7.61 6.94 6.90 6.27 6.12 6.57 7.46 8.87 4.53
1.50 8.42 7.64 7.61 7.12 7.31 7.83 9.02

2.00 9.24 8.39 8.39 7.98 8.46 8.84 10.43
3.00

Total Creep Strain

501.59 522.65 543.69 564.75 585.75 606.73 627.68 648.60  668.97
010 5.60 5.31 4.49 4.34 3.56 3.30 2.34 1.60 0:37

0.20 5.97 5.57 4.90 4.71 3.90 4.23 3.49 2.26 0.56
P30 623 5.75 5.23 4.97 4.19 4.56 4.49 2.97 0.71
0.40 6.49 5.97 5.49 5.20 4.49 4.86 4.97 3.64 0.89
0.50 6.72 6.16 5.75 5.38 4.79 5.20 5.45 4.19 141
0.75 7.20 6.57 6.35 5.83 5.45 5.90 6.46 5.27 1.82
1.00 7.61 6.94 6.90 6.27 6.09 6.53 7.35 6.05 2.41
1.50 8.42 7.64 7.61 712 7.31 7.76 8.79 7.16 3.15
2.00 9.24 8.39 8.35 7.94 8.42 8.83 10.09 7.98 3.78
3.00 10.87 9.83 9.91 9.69 10.69 10.98 12.32 9.02 4.79
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S-PRISM Radial Blanket

Linear Power 10 kW/m Clad Thickness 0.56 mm
Plutonium Content 19% Smear Density 70%
Duration 20 years ECL Burnup 6.1

Thermal Creep Strain

441.10 461.68 48227 502.85 523.41 54396 564.47 58500 605.50

0.10 404 o 260
0.20 5.55 3.72
0.30 a5
0.40 5.08
0.50 s
0.75
1.00
1.50
E2001
3.00
Irradiation Creep Strain

441.10 461.68 48227 502.85 523.41 543.96 564.47 585.00
0.10 5.66 5.04 3.99 337 0 301 2824 0% 27000 S
0.20 5.90 5.46 4.79 4,26 3.95 3.78 3.78
030 5.68 5.09 470 .1 & 4560 457 1 469 A
0.40 5.88 5.36 4.98 5.06 5.25 5.56
0,50 6.07 5620 526 iyt s ailinad B e
0.75 5.93
R N
1.50
12.00
3.00

Total Creep Strain

441,10 461.68 482.27 502.85 52341 543.96 56447 585.00 605.50
0.10 566 = 3503 3.98 3.35 2.96 264 ponsi o
0.20 5.90 5.46 4.78 4.24 3.91 3.70 2.92 1.57
0.30 5.68 5108 L1 4700 SA58 4500 364 L
0.40 5.85 5.36 4.97 5.04 5.15 4.21 2.43
050 6.07 561 525 548 5780 468
0.75 5.91 5.57 341
11.00 ' b
1.50 4.6
2.00
3.00
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S-PRISM Radial Blanket

Linear Power 10 kW/m Clad Thickness 0.56 mm
Plutonium Content 0% Smear Density 70%
Duration 20 years EOL Burnup 6.1

Thermal Creep Strain

441.10 461.68 48227 502.85 523.41 54395 564.47 585.00  605.50

0.10 . 3.88 2.45 1.66
0.20 5.36 3.42 2.22
D30 _' 4.21 2.75
0.40 4.80 3.21

050 5.26 3.59
0.75 4.29
1.00 . 4.80
1.50 5.51
2.00 - 6.02
3.00

Irradiation Cree';; Strain

441.10 461.68 482.27 502.85 523.41 54395 56447 58500 60550

o 5.66 4.87 3.97 3.31 2.96 277 2.67 2.56
0.20 5.93 5.14 4.66 4.21 3.86 3.73 3.77 3.86
10.30 537 49000 a4 4.51 4.53 4.68 491
0.40 5.59 511 4.96 4.94 5.19 5.54 5.79
0.50 5.79 5327 521 5.36 5.82

0.75 ‘ 5.81 5.81

1.00

1.50

2.00

3.00

Total Creep Strain

44110 461.68 48227 502.85 52341 54395 564.47 585.00 605.50

0.10 5.66 4.87 3.95 ¢ 308 2.91 2.58 2.05 1.52
0.20 5.93 5.13 4.66 4.19 3.83 3.59 2.75 1.97
0.30 Wl ey 489 an 4.49 4.41 3.38 2.39
0.40 5.58 5.11 4.96 4.91 5.10 3.95 2.79
0.50 5.78 531 2 500 5.33 5.71 4.42 3.16
0.75 5.81 5.80 5.32 3.87
1.00 6.00 4.40
1.50 5.16
2,00 w 5.70
3.00



S-PRISM Radial Blanket

Linear Power 15 kW/m Clad Thickness 0.56 mm
Plutonium Content 19% Smear Density 70%
Duration 20 years EOL Burnup 9.1

Thermal Creep Strain
476.47 49735 51821 539.07 559.0 580.70 601.49 622.25

A

Rl e LR BT e S e ol
020 7.57 5.11 2.86 1,14
i : : e FUTEBeS i e00 ) T ket A s
] 0.40 6.63 3.97 1.67
& 0.50 Tawis 436 | 190
0.75 8.05 5.10 2.32
11.00 : H.71° wongs i oley I
1.50 6.43 3.25
22.00.5% : g R :
3.00
Irradiation Creep Strain
476.47 49735 51821 539.07 55990 580.70 601.49 622.25 642.99
s il 4.81 13.90 3.34 301t Fidde s el geg e
0.20 5.72 5.52 4.76 4.27 3.90 3.70 2.69 1.64 1.59
0.30 5.92 5.82 5,00 4.66 436 4.09 36 48 205 L ohE
0.40 6.12 5.99 5.22 4.94 461 4.46 3.56 2.72 2.70
1050 6.30 6.15 5.42 5107 ARE i gED 3685 01 395
0.75 6.73 6.53 5.89 5.80 5.41 5.67 4.86
100 7a3 6.91 6.31 6.40 5196, 11648 572
1.50 7.92 7.65 7.07 7.20 7.06 8.01 7.32
1200 @ BES 840  7.85 798 iigge Cra
3.00
Total Creep Strain
i 476.47 49735 51821 539.07 559.90 580.70 6OL. 49 62225 642.99
0.10 5.50 4.80 3.87 3.31 287 iE 460 i6i G ods g
0.20 5.72 5.51 475 4.26 3.87 3.61 1.54 0.62 0.59
030 592 5:82 .. . /5i00 4.66 436 4.07 2467 o808 it
0.40 6.11 5.99 5.22 4.92 4.60 4.44 2.86 0.97 0.87
B0 B30 s isae 5.19 Zga’ g 349 0 disTiiidmy
0.75 6.73 6.53 5.89 5.80 5.40 5.62 4.46 1.60
BB Fa Rehn i8s0 e ol g S L1es
1.50 7.92 7.65 7.07 7.18 7.03 7.91 5.89 2.47
12.00 8.68 8.40 i BBAGE i1 Sifq i Gsiil2En
3.00 7.42 3.62
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S-PRISM Radial Blanket

Linear Power 15 kW/m Clad Thickness 0.56 mm
Plutonium Content 0% Smear Density 70%
Duration 20 years EOL Burnup 9.1

Thermal Creep Strain

476.47 49735 518.21 539.07 559.90 580.70 60149 622.25 642.99

B0 8.83 5.46 3.34 2.14 1.49 0.25
0.20 7.20 4.66 2.97 1.96 0.40
D30 8.26 5.56 3.67 2.41 0.55
0.40 9.02 6.22 4.22 2.81 0.75
0.50 6.73 4.66 3.16 0.95
0.75 7.68 5.45 3.80 1.36
1.00 3.38 6.02 4.26 1.70
1.50 6.82 4.90 2.21
2.00 7.40 5.35 2.62
3.00

Irradiation Creep Strain

476.47  497.35 51821 539.07 559.90 580.70 601.49 622.25 642.99
0.10 5.52 4.86 3.90 3:32 3.00 2.76 2.62 2.44 0.90

0.20 5.80 5.16 4.87 4.21 3.89 3.60 3.49 3.49 1.64
0.30 6.05 5.36 5.19 4.45 4.42 4.06 4.12 4.26 2.24
0.40 6.27 5.55 5.37 4.66 4.65 4.41 4.66 5.02 2.75
0.50 6.47 5.74 5.54 4.87 4.85 4.75 518

0.75 6.95 6.15 592 5.37 5.36 5.56 6.45

1.00 7.38 6.52 6.30 5.87 5.89 6.35 7.65

1.50 8.06 7.25 7.00 6.86 6.92 7.85

20D . 870 7.95 7.70 7.87 8.00

3.00

Total Creep Strain

476.47 49735 518.21 539.07 559.90 580.70 601.49 622.25 642.99
0.10 5.52 4.84 3.87 3.30 2.92 2.47 1.84 1.36 0.24

0.20 5.80 5.16 4.86 421 3.82 3.36 2.44 1,72 0.35
0.30 6.05 5.36 5. 17 4.45 4.42 4.04 3.00 2.09 0.47
0.40 6.27 5.55 5.36 4.66 4.64 4.37 3.50 2.42 0.61
0.50 6.47 5.72 5.54 4.86 4.85 4.71 3.92 2.74 0.77
0.75 6.95 6.15 5.92 5.36 5.35 5.50 4.77 3.39 1.16
180 @ 138 6.52 6.30 5.86 5.86 6.27 5.39 3.86 1.47
1.50 8.06 723 7.00 6.85 6.88 7.72 6.26 4.55 1:97
12.00 8.70 7.95 7.68 7.85 7.95 6.88 5.04 2.36
3.00 775 9:68 2.99
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Tight Pitch Breed and Burn Fuel

Linear Power 10 kW/m Fuel Venting No
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 21.4
Thermal Creep Strain

496.31 517.51 538.70 559.83 580.95 602.04 623.07 644.09 665.07
foao i gt a3y ioen B0 0 4100 238 6Bl 1e
0.20 1539 1055  7.20 4.92 2.84 2.02 1.43
10.30 16:54° iatag THIEAl L isiaa s i Hod 61
0.40 17.38 1216  8.44 5.85 3.36 2.41 1.73
050 1801 “a268 TOEEE ey RmAT T Disel T
0.75 19.18  13.69  9.65 6.82 3.89 2.82 2.05
1.00 J003 442 ARS8 sl 3030 Jhae
1.50 21.25 1545 1112 7.99 4.52 3.32 2.43
. 2.00 16,25 1 496 71851 A788 0 350G Hinian
3.00

lrradiation Creep Strain

49630 517.51 53869 559.82 580.94 602.03 623.06 644.08 665.05
Moo a3 o 1ter L RH088 T 9e 908  7.83 BiosdiEl 30 @ gled
0.20 16.50 14.83 1357 1261 11.91
10.30 18.90 17.10 15.73 14.72 i
0.40 20.85 15.02 17.52 16.44
0.50 21.36 2061 18.99
0.75
1.00
1.50
- 2.00
3.00

Total Creep Strain

49630 517.51 53869 559.82 580.54 602.03 623.06 644.08 665.05
| 0.10 13.12 11.64 1030  7.86 563 3.92 2.33 16400113
0.20 16.50 14.82 12.67  9.51 6.79 4,74 2.78 1.97 1.39
030 1890 % 17207 1446 71056 L iIad 5.28 307 2ded iRl
0.40 20.83 18.99 15.24 1132 8.09 5.69 3.31 2.37 1.70
0,50 SEDST AR s L i 63 34800 2500 1B
0.75 17.63  13.02 6.67 3.83 2.78 2.00
1.00 1868 1382 HRAs to 208l Hile

2016 14.99 7.87 4.48 3.29 _

2.00 Jig0i isies dgan i nayEaE Lk D
3.00 - 17.03 9.20 5.13 3.83
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Tight Pitch Breed and Burn Fuel

Linear Power 10 kW/m Fuel Venting Yes
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 314

Thermal Creep Strain

496.31 517.51 538.70 559.83 580.95 602.04 623.07 644.09 665.07

0.10 17213 8.98 6.25 448
0.20 18.72 11.42 8.06 5.97
0.30 19.34 12.62 8.95 6.66
0.40 19.67 13.34 9.49 7.05
0.50 19.89 13:.82 9.86 7.30
0.75 20.23 14.53 10.37 7.67
1.00 20.36 14.91 10.66 7.86
1.50 20.44 15.33 10.99 8.07
2.00 20.45 15.59 11.16 8.13
3.00

Irradiation Creep Strain

496.30 517.51 53869 559.82 580.94 602.03 623.06 644.08 665.05
0.10 15.05 10.90  8.00
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00
3.00

Total Creep Strain

486.30  517.51 538.69 559.82 580.94 602.03 623.06 644.08 665.05

0.10 16.19 8.22 5:75 4.07
0.20 18.30 10.84 7.67 265
0.30 19.09 1249 8.66 6.42
0.40 19.50 13.00 8.27 6.88
g050: 19.76 13.55 9.67 7.17
0.75 20.14 14.35 10.25 7.58
1.00 20.33 14.79 10.58 7.81
1.50 2042 15.26 10.93 8.05
2.00 20.45 15.53 11.13 8.13
3.00 20.48 15.89 11.34 8.18



Tight Pitch Breed and Burn Fuel

Linear Power 15 kW/m Fuel Venting No
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 32.0

Thermal Creep Strain

£
E 2y

565.47 587.25 60897 630.64 65229 67381 69532 716.76 738.17
D0 age2 Heiver v s QRIAL il e 0:81: 40 oanly dode

0.20 12.40  8.38 5.63 3.31 2.30 1.60 1.10 0.61

1030 13.47 1. 922 6.30 3.62 2.52 1.78 o5 gt

0.40 1424  9.81 6.76 3.86 2.70 191 1.36 0.92

(S0 fage BHigog R 4.04 285y L AS s e
0.75 1595 1119 7.81 4.41 3.12 2.24 1.62 1.18

1.00 wed o inegs s icrisy ey Mgl g dh L s 30 8

1.50 17.86 1279  9.08 5.05 3.62 2.61 1.91 1.49

2.00 1867 1349  9.63 5.31 YR ige DipA il {lB0E Pl
3.00

Irradiation Creep Strain

565.45 587.23 608.95 63062 65227 67379 69530 716.73 738.12
0.10 orod i aiap el e g 5.13 - % S by 17k i ngpy Clog iR
0.20 1407  13.14 : 167

0.30 16.43 : 3 Rl
0.40 18.23

1050

0.75

1.00

1.50

2.00

3.00

Total Creep Strain

SR

i

"

565.45  587.23 608.95 630.62  652.27 673.79 69530 716.73 738.12

W e By D a0 L ER Ny D aR i 0ee e T
0.20 10.99  7.83 5.42 3.20 2.24 1.56 1.05 0.57
0T TR e 3.53 Jd6 i il e
0.40 13.12  9.35 6.52 3.77 2.66 1.87 1.32 0.88
- 0.50 1382 0 1985 1 Tlgeg 3,97 2dg L ri1ey 1Ah e 0.9Y
0.75 15.12  10.82  7.61 4.32 3.07 2.19 1.58 1.14
1.00 1600 5 11500 1844 461 ey ey 169 Al
1.50 17.27 1251 891 4.98 3.58 2.57 1.87 1.45
2.00 1895701393 048 594 S R e 202 158
3.00 19.42 1426 1031 564 410 2.98 2.19 1.73
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Tight Pitch Breed and Burn Fuel

Linear Power 15 kW/m Fuel Venting Yes
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 32.0

Thermal Creep Strain

565.47 587.25 60897 630.64 652.29 673.81 69532 716.76  738.17

0.10 JERE . 1808 N6 6.49 3.84 2.35 0.11 0.00
0.20 2894  19.70 1246 845 5.33 3.25 1.80 0.02
B30 29.73 2032 © 4365 1 941 6.14 3.84 2.26 0.29
0.40 3017 2063 1433 9.96 6.67 4.28 2.68
0.50 3FAd 2085 UHERT 033102 4.59 3.01

0.75 3098 2117 1543  10.86  7.55 5.09 3.55

1.00 o G s IR [ G [ AN - 5.42 3.93

1.50 31.44 21.37 16.17 11.48 8.16 5.79 4.23

2.00 2139 1641 1167 836 6.01 4.37

3.00

Irradiation CreepmS?ain

565.45 587.23 608.85 630.62 652.27 673.79 69530 716.73 738.12
0.10 28.59 27.23 21.33 15.27 10.82 7:33 4.81 3.20
0.20 5.92 4.23
0.30
0.40
0.50
0.75
1.00
1.50
2.00
3.00

Total Creep Strain

565.45 587.23 608.95 630.62 652.27 673.79 69530 716.73  738.12
0.10 28.33 24.27 16.94 8.91 5.79 3.40 2.08 0.09 0.00

0.20 27.74 19.18 11..70Q 7.90 4.89 2.98 1.43 0.02
0.30 29.03 20.01 13.08 8.97 5.77 3.58 2.04 0.26
0.40 29.69 20.43 13.91 9.63 6.34 4.02 2.44 FCE|
0.50 30.11 20.69 14.44 10.07 6.76 4.34 2.76
0.75 30.72 21.09 15:23 10.71 737 4.92 3.36
100 31.11 21.28 15.62 11.06 7.70 5.27 3.73
1.50 31.42 21.37 16.08 11.41 8.07 5.68 4.17
2.00 CDF 21.39 16.35 11.63 8.29 5.95 4.32
3.00 CDF 16.68 11.85 8.47 6.12 4.45
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i

Tight Pitch Breed and Burn Fuel

Linear Power 20 kW/m Fuel Venting No
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 42.7
Thermal Creep Strain
_ 579.74 601.62 62346 64520 666.93 688.55 710.14  731.68
R TS CRai R e T 2.78 WL i dss e
0.20 10.59 7.20 4,92 3.39 2.11 1.43 0.94 0.29
B0 Bs e ey IR Ty i pati i vets oA Ta aiil
0.40 12.23 8.48 5.88 4.07 2.49 1.76 1.23 0.76
0.50 12795 892 1620 4.30 2.60 1.84 32
0.75 13.81 9.71 6.82 4.80 2.87 2.05 1.46
1.00 14.57 10:30 5 4728 5.15 3.04 2.9 168 &
1.50 15.62 11.15 7.96 5.68 3.31 2.40 1.76
2.00" {11635 £7:1179 1, B A6 HTRRER U Ly Y 187
3.00
Irradiation Creep Strain

579.72 601.60 623.44 645.18 666.90 68352 710.09 731.61
R 30535913, 560D S00T 1A B0 e i agiE i
0.20 13.63 11.85 2.65 1.87
- 0.30 15,95 4758 :
0.40
1 0.50
0.75
1.00
1.50
L2005
3.00

Total Creep Strain

579.72 601.60 623.44 64518 666.90 688.52 710.09 731.61  753.03
0.10 7.93 5.59 3.86 2.63 1.67 1.05: . 047 000 . 000
0.20 9.60 6.79 468 3.22 2.02 1.38 0.85 0.23 0.00
1030 10.65 7.55 524 . 363 225 155 1954 -us3l G eiie |
0.40 11.44 8.10 5.65 3.92 2.40 1.70 1.17 0.67 0.03
- 0.50 12.05 .5 884 8600, A8 5 2HS 1.78 1960 osl s 006 T
0.75 13.19 9.3 6.61 4.65 2.81 1.99 1.40 FCCl
- 1.00 Ao dBel L vl B0 T 2es i RS
1.50 15.16 10.91 7.81 5.56 3.28 2.37 1.70 FCCl
G YR o R R ) TgER e
3.00 17.12 12.52 9.07 6.55 3.74 2.75 2.02
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Tight Pitch Breed and Burn Fuel

Linear Power 20 kW/m Fuel Venting Yes
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 42.7

Thermal Creep Strain

Hbb. | om0 27.15 18.72 13.17 9.80 6.70 4.65

1.50 40.58 27.30 18.78 13.25 10.18 7.14 5.12
2.00 40.73 CDF 18.81 CDF 10.42 7.40 5.38
3.00 CDF CDF CDF 7.64 5.56

579.74 601.62 62346 64520 666.93 688.55 710.14 731.68 753.14
010 | 3484 23.67 15.89 10.47 5.32 2.95 0.94 0.00 0.00
0.20 37.24 25.40 17.38 11.88 7.20 4.27 2.72 0.29 0.00
0.30 38.18 26.04 17.91 12.40 8.13 5.06 3.31 0.00
0.40 38.71 26.39 18.20 12.67 8.72 5.59 3.72 0.06
0.50 39.12 26.62 18.37 12.84 9.10 5.97 4.01 0.29
0.75 39.79 27.03 18.67 13.11 9.65 6.55 4.53
1.00 40.23 27.24 1875 13.19 9.95 6.90 4.86
1.50 40.70 27.33 18.81 13.25 10.30 7.26 527
2.00 40.75 27.36 18.84 13.28 10.47 7.49 5.47
3.00
Irradiation Creep Strain
579.72 60160 623.44 64518 666.90 688.52 710.09 731.61 753.03
0.10 28.35 26.24 18.72 13.14 8.98 5.76 3.86
0.20 35.90 10.44 7.14 4.97
0.30 38.44 5.53
0.40
0.50
0.75
1.00
1.50
2.00
3.00
Total Creep Strain
579.72 601.60 623.44 64518 666.90 68852 710.09 731.61 753.03
0.10 28.12 21.68 14.80 9.65 4.56 2.60 0.50 0.00 0.00
0.20 34.73 24.55 16.88 11.44 6.52 3.80 2.46 0.23 0.00
0.30 36.69 2557 17.61 12.14 7.6% 4.62 3.01 FCal 0.00
0.40 37.68 26.07 17.99 12.49 8.31 5.21 3.39 0.03
0.50 38.33 26.39 18.23 1273 8.75 5.62 3.72 0.26
0.75 39.26 26.86 18.58 13.02 9.45 6.32 4.30 FCCl



o

Linear Power 25 kW/m Fuel Venting No
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 534

Tight Pitch Breed and Burn Fuei

TR

Thermal Creep Strain
603.59 625.63 647.62 659.56 691.41 713.20 73491 75659

647, 5k 439 2.74 187: 1 HEIAE055 - oAbl voo T ag
7.68 5.27 3.22 2.27 1.54 0.99 0.22 0.00 0.00
S5 0S5 1 TigE 249 EdeE Haar: 06 bl 0Bl
9.03 6.25 3.77 2.67 1.90 1.28 0.04 0.00
9.47 16,62 . G395 B R0l WidEe s T e g )
1031 7.24 432 3.11 2.23 1.57 0.59 0.00
10.93 © 7775 4.53 3.29 pmaiio e R o0
11.81 845 4.90 3.58 2.60 1.90 0.48

A947% g6 B 3.77 DTt 01 069

Irradiation Creep Strain
603.57 625.60 647.58 €69.52 691.36 713.14 734.83 756.44 777.76

0da0: 925 106 Gade s naa Zle 146 T o B i
0.20 12.00 9.18 391 2.71 1.87 0.66
030 . / e R R
0.40

- 0.50

0.75

- 1.00

1.50

- 2.00

3.00

Total Creep Strain
‘ 603.57 625.60 647.58 G669.52 691. 36 713.14 734.83 756.44 ) 7_7_7’_.76
010 592 410 260 176 140 044 gen 0057;5- 0068

0.20 7.17 4.97 3.11 2.16 1.46 0.88 0.15 0.00
030 797 556 3.40 2.38 165 110 051 0.00
0.40 8.56 6.00 3.66 2.60 1.79 1.21 0.69 0.04
050 Big7. Fle86. s Anage Do eniE i ay FCOI 0 0480 Dk
0.75 9.95 7.02 4.21 3.00 2.12 1.50 0.51 _
el SRR P A-E P spdc BEl e i hean . il
1.50 1152 8.27 4.83 3.51 2.52 1.83 ~Fcal
12.00 ke 2t RS Dk iRl ' eRed e
3.00 1320  9.58 5.41 4.02 2.96 2.16
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Tight Pitch Breed and Burn Fuel

Linear Power 25 kW/m Fuel Venting Yes
Plutonium Content 0% Smear Density 63%
Duration 40 years EOL Burnup 53.4

Thermal Creep Strain

603.59 625.63 647.62 669.56 691.41 71320 734981 756.59 778.04
0.10 25.42 17.04 10.28 5.49 3.07 0.88 0.00 0.00 0.00

0.20 27.06 18.47 12.62 7.50 4.53 2.78 0.22 0.00 0.00
0.30 27.68 18.98 13.60 8.52 541 3.44 0.00 0.00
0.40 28.01 19.27 14.15 9.14 5.96 3.88 0.04 0.00
0.50 28.23 19.42 14.48 9.55 6.36 4.21 0.22 0.00
0.75 28.64 19,21 14.96 10.13 6.99 4.75 0.00
1.00 28.82 19.78 15.25 10.42 7.31 5.12 0.04
1.50 28.89 15.54 10.79 7.68 5.52

2.00 . 1573 11.01 7.86 5.74

3.00

Irradiation Creep Strain

603.57 62560 647.58 669.52 691.36 713.14 734.83 756.44 777.76
0.10 9783 Hes3t i 1408 1896 5.71 497
0.20 10.64  7.28 4.94
0.30 7.94 5.60
0.40

0.50

0.75

1.00

1.50

2.00

3.00

Total Creep Strain

603.57 625.60 647.58 669.52 69136 713.14 73483 756.44  777.76
0.10 2314 15.76 8.78 4.61 2:63 0.44 0.00 0.00 0.00
0.20 26.11 17:92 11.67 6.66 3:91 2.49 0.15 0.00 0.00

0.30 27.14 18.69 12.98 7.83 4.83 3.04 FCCI 0.00 0.00
0.40 27.65 19.05 13.68 8.59 5.45 3.51 0.04 0.00
0.50 27:88 19.27 14.15 911 5.92 3.84 0.18 0.00
0.75 28.45 19.60 14.77 9.84 6.66 4.46 FCCI 0.00
1.00 28.74 19.75 15.10 10.24 7.09 4.86 0.04
1.50 CDF 19.82 15.47 10.68 7.53 5.34 FCCl
2.00 CDF 15.65 10.90 7.79 5.63

3.00 CDF CDF CDF CDF

[
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Appendix B: Sodium Properties

This appendix contains the sodium propertics that were used in COBRA throughout the
course of this work. COBRA uscs ali British units. All the values in British units are reported
with the number of significant figures used (which is the number originally given with COBRA).
Standard valucs on the tables below were converted from the British units and are rounded

appropriately. Propertics are for liquid sodium unless otherwisc specified.



Vapor Specific

Pressure Temperature Specific Volume
Volume
psia kPa °F °C ft*/lb m>/kg ft*/Ib m>/kg
0 0 500 260.00 0.01801 1.12E-03
0 0 550 287.78 0.01801 1.12E-03
0 0 €00 315.56 0.01828 1.14Ek-03
0 0 650 34333 0.01842 1.15E-03 409870.00 2.56E+04
0 0 700 371.11  0.01856 1.16E-03 178120.00 1.11E+04
0 0 750 398.89 0.0187 1.17E-03 83102.00 5.19E+03
0 0 800 426.67 0.01835 1.18:E-03 41266.00 2.58E+03
0 0 240 44889  0.01857 1.18E-03  24533.00 1.53E+03
0 0 880 471.11  0.01909 1.19z-03 15060.00 9.40E+02
0.1 0.69 920 493,33 0.01921 1.20£E-03  9519.00 5.94E+02
0.1 0.69 940 504.44 0.01927 1.20E-03 7645.00 4.77E+02
0.1 0.69 960 515.56 0.01933 1.21E-03 6180.00 3.86E+02
0.1 0.69 980 526.67 0.0194 1.21E-03  5026.00 3.14E+02
0.2 1.38 1000 537.78 0.01946 1.21E-03 4111.00 2.57E+02
0.2 1.38 1020 548.89 0.01952 1.22E-03  3382.00 2.11E+02
0.2 1.38 1040 560.00 0.01959 1.22E-03  2798.00 1.75E+02
0.3 2.07 1060 571.11 0.01965 1.23E-03  2326.00 1.45E+02
0.4 2.76 1080 58222 0.01971 1.23E-03  1944.00 1.21E+02
0.4 2.76 1100 593.33 0.01978 1.238-03  1632.00 1.02E+02
0.5 3.45 1120 604.44 0.01985 1.24E-03 1376.00 8.59E+01
0.6 4.14 1140 61556 0.01991 1.24£-03  1166.00  7.28E+01
0.7 483 1160 626.67 0.01998 1.25E-03 992.00  6.19E+01
0.9 6.21 1180 637.78 0.02005 1.25E-03 847.50  5.29E+01
1 6.89 1200 64889 0.02011 1.26k-03 72690  4.54E+01
2.1 14.48 1300 704.44 0.02046 1.28E-03 356.30  2.22E+01
4.2 28.96 1400 760.00 0.02082 1.30E-03 189.10  1.18E+01
7.8 53.78 1500 81556 0.02119 1.32:-03 107.40  6.70E+00
13.4 92.39 1600 871.11 0.02157 1.35t-03 64.63 4.03E+00
14.8 102.04 1619 881.67 0.02165 1.35:-03 59.34 3.70E+00
124.2 856.33 2145 1173.89 0.02388 1.49E-03 8.52 5.32E-01

[\]
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Pressure Temperature Enthalpy Vapor Enthalpy

psia kPa °F °C Btu/lb i/kg Btu/lb J/kg
0 0 500 260.00 303.76  7.07E+05 2204.8 5.13E+06
0 0 550 287.78 319.44 7.43E+05 22129 5.15E+06
0 0 600 315.56 335.01 7.79E+05 2220.5 5.16E+06
0 0 650 343.33 350.49 8.15E+05 2227.6 5.18E+06
0 0 700 371.11 365.88 8.51E+05 2234.1 5.20E+06
0 0 750 398.89 381.19 8.87E+05 2240.2 5.21E+06
0 0 800 426.67 396.43 9.22E+05 2245.8 5.22E+06
0 0 840 448.89 408.58 9.50E+05 22499 5.23E+06
0 0 880 471.11 420.69 9.79E+05 2253.9 5.24E+06
0.1 0.69 920 493.33 432.77 1.01E+06 2257.6 5.25E+06
0.1 0.69 940 504.44 438.8  1.02E+06 2259.3 5.26E+06
0.1 0.69 960 515.56 444.83 1.03E+06 2261.1 5.26E+06
0.1 0.69 980 526.67 450.85 1.05E+06 2262.8 5.26E+06
0.2 1.38 1000 537.78 456.86 1.06E+06 2264.4 5.27E+06
0.2 1.38 1020 548.89 462.87 1.08E+06 2266.1 5.27E+06
0.2 1.38 1040  560.00 468.88 1.09E+06 2267.6 5.27E+06
0.3 2.07 1060 571.11 47488 1.10E+06 2269.2 5.28E+06
0.4 2.76 1080 582.22 480.88 1.12E+06 2270.8 5.28E+06
0.4 2.76 1100  593.33 486.88 1.13E+06 2272.3 5.29E+06
0.5 3.45 1120 604.44 492.87 1.15E+06 2273.8 5.29E+06
0.6 4.14 1140  515.56 498.87 1.16E+06 2275.2 5.29E+06
0.7 4.83 1160  626.67 504.86 1.17E+06 2276.7 5.30E+06
0.9 6.21 1180  637.78 510.86 1.19E+06 2278.2 5.30E+06
1 6.89 1200 648.89 516.85 1.20E+06 2279.6 5.30E+06
2.1 14.48 1300 704.44 546.85 1.27E+06 2286.7 5.32E+06
4.2 28.96 1400 760.00 576.95 1.34E+06 2293.9 5.34E+06
7.8 53.78 1500 815.56 607.21 1.41E+06 2301.1 5.35E+06
13.4 92.39 1600 871.11 637.7 1.48E+06 2308.5 5.37E+06
14.8 102.04 1615  3881.67 643.4  1.50E+06 2310.2 5.37E+06
124.2 856.33 2145 1173.89  810.92 1.89E+06 2351.7 5.47E+06




Thermal

Pressure Temperature Viscosity o Surface Tension
Conductivity

psia  kPa  °F °C Ib/fhr  N-s/m2 Btf‘i{ (F})" W/mk  lb/ft N/m
0 0 500 260.00 0.9235 3.82E-04 4543 78.57 0.01238 0.81
0 0 550 287.78 0.8591 3.55E-04 44.6 77.14 0.01219 0.80
0 0 600 315.56 0.8038 3.32E-04 43.79 75.74 0.012 0.78
0 0 650 343.33 0.7558 3.12E-04 42.98 7434 0.01181 0.77
0 0 700 371.11 0.7138 2.95E-04 42.18 7295 0.01162 0.76
0 0 750 398.89 0.6767 2.80E-04 41.39 71.59 0.01143 0.75
0 0 800 426.67 0.6437 2.66E-04 40.62 70.26  0.01124 0.73
0 0 840 448.89 0.6198 2.56E-04 40 69.18 0.01109 0.72
0 0 880 471.11 0.598 2.47E-04 39.39 68.13 0.01094 0.71
0.1 0.69 920 493.33 0.5778 2.39E-04 38.79 67.09 0.01078 0.70
0.1 0.69 940 504.44 0.5683 2.35E-04 38.5 66.59 0.01071 0.70
0.1 0.69 960 515.56 0.5592 2.31E-04 38.2 66.07 0.01063 0.69
0.1 0.69 980 526.67 0.5504 2.28tE-04 37.91 65.57 0.01056 0.69
0.2 1.38 1000 537.78 0.5419 2.24E-04 37.61 65.05 0.01048 0.68
0.2 1.38 1020 548.89 05338 2.21t-04 37.42 64.72 0.0104 0.68
0.2 1.38 1040 560.00 05259 2.17E-04 37.03 64.05 0.01033 0.67
0.3 2.07 1060 571.11 05183 2.14E-04 36.74 63.54 0.01025 0.67
0.4 2.76 1080 582.22 0511 2.11E-04 36.46 63.06 0.01018 0.66
04 2.76 1100 593.33 0.5004 2.07E-04 36.03 62.32 0.01006 0.66
0.5 3.45 1120 604.44 0.497 2.05E-04 35.89 62.07 0.01002 0.65
0.6 4.14 1140 615.56 0.4904 2.03E-04 35.61 61.59 0.00995 0.65
0.7 4.83 1160 626.67 0.484 2.00E-04 35.33 61.11 0.00987 0.64
0.9 6.21 1180 637.78 0.4778 1.98E-04 35.05 60.62 0.00979 0.64
1 6.89 1200 648.89 0.4717 1.95E-04 34.78 60.15 0.00972 0.63
2.1 14.48 1300 704.44 0.4442 1.84E-04 33.42 57.80 0.00934 0.61
4.2 28.96 1400 760.00 0.4204 1.74E-04 3211 55.54  0.00896 0.59
7.8 53.78 1500 815.56 0.3995 1.65E-04 30.84 53.34 0.00858 0.56
13.4 92.39 1600 871.11 0.3811 1.58E-04 29.61 51.21 0.00819 0.53
14.8 102.04 1619 881.67 03779 1.56E-04 28.38 50.81 0.00812 0.53
124.2 856.33 2145 1173.89 0.3094 1.28:-04 23.64 40.89 0.00612 0.40




Appendix C: Input Files

This appendix contains a sampling ot all the input files for COBRA and FEAST. Base
input files were provided for cach of the cases discussed in this thesis. For a detailed description
of the input filc for both codes consult Wheeler ¢t al. (31) (COBRA) or Karahan (23) (FEAST).
For each code, somce changes made to the code required alterations to the input files. Those

alterations arc listed below.
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COBRA Input File Modifications
-Setup.2 N5 LAMNF Pressure Drop Correlation
1=o0ld cobra correlation
2= Cheng and Todrecas Corrclation
3= Novendstern
Setup 2.1 and 2.2 arc filled with constants necded for the above correlations
-Setup.2 N6 Heat Transfer Correlation
0=Dittus Boelter
1=New Correlation-go to Sctup2.3
For free form correlation enter constants as described
For Mikityuk correlation simply enter | on this linc
-Setup.10 N1 Turbulent Mixing
0-3=options in manual
4=Rheme Corrclation
FEAST Input File Modifications
- Supplemental input files were added for coolant temperature and heat transfer coctficient

- A case number was added as the first line of the input file after the title, this allows for FEAST

to be run in a batch format.

-Tcout was removed from the main input file as it was redundant from the Coolant Temperature

input file

- Dtpeak was added as the final option before the transient tlag to allow for calculation of creep

strains and CDF at a peak tempcraturc
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COBRA Input File for ORNL 19-Pin Assembly

99999
1 ORNL
30
Sodium Properties Omitted-See Appendix B
23.64 .00612
2 ¢ 0 0 0 2 0

.1458.0363-.033.1430.0419-.044.1449.0067-.009.316 -.25
62.97216.9-190.44.40256.7-267.87.2638.59-55.1.316 -.25

3 6
0 0 .395 0 0.4 1.0 .920 1..925 C
4 42 42 9
7 i 60 2 9
i2. .230 .056
8 19 19 2 1 9
9.250 0 00.17012.71 0 00.0159999.
9 1
40 0 0 0 0 0 0 C 0 0
80 100
10 0 0 1
.01
2.
11 1 0
14.65 600. 0.0654 0.0085
12 2 8 1
41 32 18 174 1 9 38
1
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COBRA Input File for Toshiba 37-Pin Assembly

99999
1
1

Toshiba

32

Sodium Properties Omitted-See Appendix B

2 0

.1458.0363-.033.1430.0419-.044.1449.0067-.009.316 -.
62.97216.9-190.44.40256.7-267.87.2638.59-55.1.316 —.

3 25
0.0000.0000.1300.0000.1310.6540.
0.1920.9990.2081.0620.2231.1140.
0.2841.2100.2991.2040.3141.1860
0.3760.9990.3910.9250.4060.8430.
1.0000.000

4 78 78 9

7 1 114 2

12. .256 .052

8 37 37 2 1
9.250 0 00.17012.71 0

9
119.8 0 .10 0 .020 0
0

240 30
10 0 0 1
.01
2.244
11 1 0
14.65 403.52 1.0826
12 0 14
65 42 43 18 174 5 6 1 8 7

0 0

0 2

0

1460.
2381.
.3301

4210

Co.

7520.1620.
1560.2531.
.1560.3451.
.752.43570.

0159999.

0 0

0.02417

26 27 56
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25

8430.
1860.2691
1140.3601
654.43670

1770

.925
.204
.062
.000



COBRA Input File for WARD 61-Pin Assembly

99999
1
1

WARD

30

Scdium Properties Omitted-See Appendix B

2 0 0 0 0o 2 0
.1458.0363-.033.1430.0419-.044.1449.0067-.009.316 -.25
62.97216.9-190.44.40256.7-267.87.2638.59-55.1.316 -.25

350
0.0000.0000.0900.0000.0910.3150.1010.3960.1100.4750.1200

, 0.1290.6290.1390.7020.1480.7740.1580.8420.1680.9070.1770

; 0.1871.0280.1961.0830.2061.1340.2161.1810.2251.2240.2351

i 0.2441.2970.2541.3260.2631.3510.2731.3700.2831.3850.2921

| 0.3021.4000.3111.4000.3212.3950.3301.3850.3401.3700.3501
0.3591.3260.3691.2970.3781.2630.3881.2240.3981.1810.4071.
0.4171.0830.4261.0280.4360.9690.4450.9070.4550.8420.4650
0.4740.7020.4840.6296.4930.5530.5030.4750.5120.3960.5220
0.5230.0001.0000.000

4 126 126 9
7 1186 2 9
4.0 .519 .037
8 61 61 2 1 9
9.250 0 00.17012.71 0 00.0159999.
9
104.4 0 .12 0 .012 c 0 0 0 0 0
0
209 200
10 0 0 1
.01
3.64
11 1 0

» 14.65 605.2 0.8326  .04830

‘ 12 0 18

3 98 57 58 27 26 7 8 1 6 5 4 17 18 43 42 79 80111
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.395
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134
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.315



COBRA Input File for KALIMER 271-Pin Assembly

99999
1 KALIMER
1 30

Sodium Properties Omitted-See Appendix B
2 0 0 0 0 2 0

.1458.0363-.033.1430.0419-.044.1449.0067-.009.316 -.25
62.97216.9-190.44.40256.7-267.87.2638.59-55.1.316 —-.25

3 4
0. 1..3120 1..3200 0. 1. 0.
4 546 546 9
7 1 816 2 9
8.20866 .3019 .047244
8 271 271 2 1 9
9.250 0 00.17012.71 0 00.0159999.
9 1
124.5 0 0 0 0 0 o 0 0 0
250 0 100
10 0 0 1
.01
2.8
11 1 1 0 0 0 0
14.695 727.2 2.418 .194¢
12 0 22

'545522452354269194131 82 44 19 4 1 10 29
61104161230309402496542
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COBRA Input File for ULOF Accident

.316 -.25

0833.5821.1111.8443.13881.099
25001.602.27771.615.30551.601
41661.157.4444.9106.4722.6344

99999
1 ULOF Accident
1 30
Sodium Properties Omitted-See Appendix B
2 0 0 0 0 0 -1
.316 -.25 .316 -.25% .36 -.25
3 23
0. 0..0277.2144.0555.3607.
.16661.307.19441.451.22221.544.,
.33331.558.36111.475.38881.3406.
0.500.3876.5277.2053.5555.1031.5577 0. 1.
4 546 546 9
7 1 816 2 9
19.685 .346456  .0423385
8 271 271 2 1
9.250 0 00.17012.71 0 00.0159999.
9 1 4
172.212000 0 0 C 0 0 0 0
219 2400 300
10 0 0 1
.01
.5
11 1 0 0 601 601 601
14.695 580. 5.0098 L1779
0 1.00020 1.00140 1.0046D 1.00680 1
120 1.011140 1.013%i60 1.015180 1.016200 1
240 1.021260 1.023280 1.024300 1.026320 1
360 1.032380 1.034400 1.036420 1.037440 1
480 1.044500 1.046520 1.048540 1.0505e0 1
600 1.056620 1.058640 1.060650 1.063680 1
720 1.069740 1.071760 1.07378C 1.075800 1
840 1.081860 1.083880 1.085900 1.087920 1
960 1.092980 1.0941C00 1.0961020 1.0981040 1
1080 1.1031100 1.105112C 1.1071140 1.1081160 1
1200 1.1131220 1.115124C 1.1171260 1.1181280 1
1320 1.1231340 1.1241360 1.1261380 1.1271400 1
1440 1.1321460 1.133148C 1.1341500 1.136€1520 1
1560 1.1401580 1.1411600 1.1421620 1.1441640 1
1680 1.1471700 1.149172C 2.1501740 1.151176C 1
1800 1.1551820 1.1561840 1.1571860 1.1581880 1
1820 1.1611940 1.1621960 1.1631980 1.1642000 1
2040 1.1682060 1.169208C 1.1702100 1.1712120 1
2160 1.1742180 1.1742200 1.1752220 1.1762240 1
2280 1.1792300 1.1802320 1.1812340 1.1822360 1
2400 1.1842420 1.1852440 1.1862460 1.1872480 1
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0.

.008100
.018220
.028340
.039460
.052580
.065700
.077820
.089940
.1001060
.1101180
.1201300
.1291420
.1371540
.1451660
.1521780
.1591900
.1652020
.1722140
1772260
.182238¢C
.1872500

=

el e e e e e e e e e e e e

.010
.019
.030
.042
.054
.067
.079
.090
.101
.112
.121
.130
.138
.146
.153
.160
.167
.173
.178
.183
.188



2520
2640
2760
2880
3000
3120
3240
3360
3480
3600
3720
3840
3960
4080
4200
4320
4440
4560
4680
4800
4920
5040
5160
5280
5400
5520
5640
5760
5880
6000
6120
6240
6360
6480
6600
6720
6840
6960
7080
7200
7320
7440
7560
7680
7800
7920
8040

FRPRPRRPPRPRPRRRRRRPRBRRRRRPRPRPRERRERERERRPRPRRERRERERRERRRRRRR B BB

.1892540
.1932660
.1972780
.2012900
.2053020
.2083140
.2113260
.2143380
.2173500
.2203620
.2223740
.2243860
.2273980
.2294100
.2304220
.2324340
.2344460
.2364580
.2374700
.2394820
.2404940
.2415060
.2435180
.2445300
.2455420
.2465540
.2475660
.2485780
.2495900
.2506020
.2516140
.2526260
.2536380
.2546500
.2546620
.2556740
.2566860
.2576980
.2577100
.2587220
.2597340
.2597460
.2607580
.2607700
.2617820
.2617940
.2628060

e i e e e e e e e e i el e R e e S e e N e e e e e e T e T o T e B e R B e e R S e e e

.1902560
.1942680
.1982800
.2022920
.2053040
.2093160
.2123280
.2153400
.2183520
.2203640
.2223760
.2253880
.2274000
.2294120
.2314240
.2334360
.2344480
.2364600
.2374720
.2394840
.2404960
.2425080
.2435200
.2445320
.2455440
.2465560
.2475680
.2485800
.2495920
.2506040
.2516160
.2526280
.2536400
.2546520
.2546640
.2556760
.2566880
.2577000
.2577120
.2587240
.2597360
.2597480
.2607600
.2607720
.2617840
.2617960
.2628080

i

Y

e e e i e el sl e N e W e

o e e

e e e e T e e e e e e R R R N e e e

.1902580
.1952700
.1992820
.2032940
.2063060
.2093180
.2123300
.2153420
.2183540
.2203660
.2233780
.2253900
.2274020
.2294140
.2314260
.2334380
.2354500
.2364620
.2384740
.2394860
.2404980
.2425100
.2435220
.2445340
.2455460
.2465580
.2485700
.2495820
.2505940
.2506060
.2516180
.2526300
.2536420
.2546540
.2556660
.2556780
.2566900
.2577020
.2577140
.2587260
.2597380
.2597500
.2607620
.2607740
.2617860
.2627980
.2628100
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J—

e e e e e e S

o e

e i e T i e e S S R

.1912600
.1952720
.1992840
.2032960
.2073080
.2103200
.2133320
.2163440
.2183560
.2213680
.2233800
.2253920
.2284040
.2304160
.2314280
.2334400
.2354520
.2364640
.2384760
.2394880
.2415000
.2425120
.2435240
.2445360
.2465480
.2475600
.2485720
.2495840
.2505960
.2516080
.2516200
.2526320
.2536440
.25465600
.2556680
.2556800
.2566920
.2577040
.2587160
.2587280
.2597400
.2597520
.2607640
.2617760
.2617880
.2628000
.2628120

e el e e i e T e e e S e e e e N

e e i i e e e T e e T T e T T e e R e S S S HR g

.1922620
.1962740
.2002860
.2042980
.2073100
.2103220
.2133340
.2163460
.2193580
.2213700
.2243820
.2263940
.2284060
.2304180
.2324300
.2334420
.2354540
.2374660
.2384780
.2404900
.241502C
.2425140
.2435260
.2455380
.2465500
.2475620
.2485740
.2495860
.2505980
.2516100
.2526220
.2526340
.2536460
.2546580
.2556700
.2566820
.2566940
.2577060
.2587180
.2587300
.2597420
.2607540
.2607660
.2617780
.2617900
.2628020
.2628140

S W = S ey EE R T

e i e e T e e i S

= b

I T B -

e e e e i S o Y S S S S Gy B S S Sy B R

.193
.197
.201
.204
.208
.211
.214
.217
.219
.222
.224
.226
.228
.230
.232
.234
.235
.237
.238
. 240
.241
.242
.244
.245
.246
.247
.248
.249
.250
.251
.252
.253
.253
.254
.255
.256
.256
.257
.258
.258
.259
.260
.260
.261
L2654
.262
L2062



8160
8280
8400
8520
8640
8760
8880
9000
9120
9240
9360
9480
9600
9720
9840
9960 1
100801
102001
103201
104401
105601
106801

e =y R .

= e b e

108001.

109201

111601
112801
114001
115201
116401
117601
118801
120001
0
120
240
360
480
600
720
840
960
1080
1200
1320
1440
1560

—

< O O

OO OO OO oo oo

.2628180
.2638300
.2638420
.2648540
.2648660
.2658780
.2658900
.2669020
.2669140
. 2669260
.2679380
.2679500
.2679620
.2689740
.2689860
.2689980
.269201001
.269102201
.269103401
.269104601
.269105801
.269107001
268108201.
.268109401
110401.
.26611180L
.266213001
.265114201
.264115401
.2631160601
262117801
.262119001
.261
.00020
.059140
.041260
.039380
.039500
.038620
.037740
.036860
.035980
.0321100
.0341220
.0331340
.0331460
.0321580

-

o e

N N e el e

267110601

OO OO OO OO

OO OO OO

.2638200
.2638320
.2638440
.2648560
.2648680C
.2658800
.2658920
.2668040
.2669160C
.2669280
.2679400
.2679520
.2689640
.2689760
.2689880 1
.268100C01%.
.269101207%
.269102401
.269103601.
.269104801
.269106001
.268107201

.26940
.053160
.04128¢0
.039400
.0395290
.038640
.037760
.03688¢0
.0351CC0
.0351120
.034124C
.0331360
.032148¢0
.0321600

[ T Y B

.

[ e

[

I Y

268108401

.267109601
.267110801
266112002
L266113201%
.265114401
.264115602
.263116801
.262118001
L26111220%

o O o

(&)

OO OO

.048180
.040300
.039420
.0395470
.038¢60
.037780
.036900
.0351020
.0341140
.0341260
.0331380
.0321500
.0321620

OO oo O

.2638220 1
.2638340 1
.2648460 1
.2648580 1
.2648700 1.
.2658820 1
.2658940 1
.2669060 1
.2669180 1
.2659300 1
.2679420 1
.2679540 1
.2689660 1.
.2689780 1
.2689900 1

269100201

.269101401
.2€9102601
269103801.
.269105001
.269106201.
.263107401
.268108601
.267109801.
.267111001
.206112201.
.265113401
.265114601.
.264115801
.263117001
.262118201
.261119401.

15060

oo O O O O

(@]

238

.2638240
.2638360
.2648480
.2048600

.2658840
.2658960
.2669080
.2669200
.2679320
.2679440
.2679560

.2689800
.2689920 1
.2691004°01
.269101601
.269102801

O OO O O

.0341280
.0331400
.0321520
.0321640

o o

265872

2689680

el e e e e e T e R S SR

269104001

.269105201

2691006401

.268107601
.268108801

267110001

.267111201

266112401

.265113601

265114801

.264116001
.263117201
.262118401

261119601

.10580 0
.044200 C.
.039320 ©
.039440
.039560
.038680
.037800
.036920
.035104¢0

O OO

341160

OO OO OO oo

.2638260
.2638380
.2648500
.2648620
.2658740
.2658860
.2658980
.2669100
.2669220
.2679340
.2679460
.2679580
.2689700
.2689820
.2689940 1
.269100601
.269101801
.269103001
.269104201
.269105401
.269106601
.268107801
.268109001
.267110201
.267111401
.266112601
.265113801
.264115001
.264116201
.263117401
.262118601
.261119801

.082100

.039340
.039460
.039580
.037760
.036820
.036940
.03510¢60
.0341180
.0331300
.0331420
.0321540
.0311660

el el e el el e e e = =

042220

OO OO OO OO oo

.263
.263
.264
.264
.265
.265
.265
.266
.266
.267
.267
.267
.268
.268
.268
.269
.269
.269
.269
.269
.269
.268
.268
.267
.266
.266
.265
.264
.263
.263
.262
.261

.068
.040
.039
.039
.038
.037
.036
.036
.035
.034
.033
.033
.032
.031



1680
1800
1920
2040
2160
2280
2400
2520
2640
2760
2880
3000
3120
3240
3360
3480
3600
3720
3840
3960
4080
4200
4320
4440
4560
4680
4800
4920
5040
5160
5280
5400
5520
5640
5760
5880
6000
6120
6240
6360
6480
6600
6720
6840
6960
7080
7200

oNeoNoNoNoNeoNeoRoNoNoNoNoNoNeoNoNoNolNoNoloNoBoNoNoNoNoNoNoNoloNoNoNoNoNeoNolNoNeololNolNolRolNololaelloae

.0311700
.0311820
.0301940
.0302060
.0292180
.0292300
.0282420
.0282540
.0272660
.0272780
.0272900
.0263020
.0263140
.0263260
.0253380
.0253500
.0253620
.0253740
.0253860
.0243980
.0244100
.0244220
.0244340
.02444¢60
.0244580
.0244700
.0244820
.0234940
.0235060
.0235180
.0235300
.0235420
.0235540
.0235660
.0235780
.0235900
.0236020
.0236140
.0236260
.0236380
.0236500
.0236620
.0226740
.0226860
.0226980
.0227100
.0227220

OO OO OO OO OO0 OO OODOOODODODIODODODODODIODOODOOODOOOOOOOOOOOOCOO0O0oooo

.0311720
.0311840
.0301960
.0302080
.0292200
.0292320
.0282440
.0282560
.0272680
.0272800
.0272920
.0263040
.0263160
.0263280
.0253400
.0253520
.0253640
.0253760
.0253880
.0244000
.0244120
.0244240
.0244360
.02444830
.0244600
.0244720
.0244840
.0234960
.0235080
.0235200
.0235320
.0235440
.0235560
.0235680
.0235800
.0235920
.0236040
.0236160
.0236280
.0236400
.0236520
.0236640
.0226760
.0226880
.0227000
.0227220
.0227240

O O O OO OO OO TC OO OO OO Oooooooo

-

O OO TC OO OO TCcC oo oooo

.0311740
.0311860
.0301980
.03021060
.0292220
.0292340
.0282460
.0282580
.0272700
.0272820
.0272940
.0263060
.0263180
.0263300
.0253420
.0253540
.0253660
.0253780
.0253900
.0244020
.0244140
.0244260
.0244380
.0244500
0244620
.0244740
.0234860
.0234980
.0235100
.0235220
.0235340
.0235460
.0235580
.0235700
.0235820
.0235940
.0236060
.0236180
.0236300
.0236420
.0236540
.0236650
.0226780
.0226900
.0227020
.0227140
.02272¢60
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O o OO

.0311760
.0301880
.0302000
.02982120
.0292240
.0292360
.0282480
.0282600
.0272720
.0272840
.02729¢60
.0263080
.0263200
.0263320
.0253440
.0253560
.0253680
.0253800
.0253920
.0244040
.0244160
.0244280
.0244400
.0244520
.0244640
.0244760
.0234880
.0235000
.0235120
.0235240
.0235360
.0235480
.0235600
.0235720
.0235840
.0235960
.6236080
.0236200
.0236320
.0236440
.0236560
.0236680
.0226800
.0226920
.02270C40
.0227260
.0227280

O O OO OO OO OO OO0 OO OODOOODODOOOOOODOODOOOOOLOODODOOLLOOOO

.0311780
.0301900
.03062020
.0292140
.0292260
.0282380
.0282500
.0282620
.0272740
.0272860
.0262980
.0263100
.0263220
.0263340
.0253460
.0253580
.0253700
.0253820
.0243940
.0244060
.0244180
.0244300
.0244420
.0244540
.0244660
.0244780
.0234800
.0235020
.0235140
.0235260
.0235380
.0235500
.0235620
.0235740
.0235860
.0235980
.0236100
.0236220
.0236340
.0236460
.0236580
.0226700
.0226820
.0226940
.0227060
.0227180
.0227300

O C OO OO OO OO OO OO0 OO OCOOODODOOOOOOOOOOOOCOOOOOOLOLOOOOOOO

.031
.030
.030
.029
.029
.028
.028
.028
.027
.027
.026
.020
.026
.026
.025
.025
.025
.025
.024
.024
.024
.024
.024
.024
.024
.024
.023
.023
.023
.023
.023
.023
.023
.023
.023
.023
.023
.023
.023
.023
.023
.022
.022
.022
.022
.022
.022



gk s A

7320
7440
7560
7680
7800
7920
8040
8160
8280
8400
8520
8640
8760
8880
9000
9120
9240
9360
9480
9600
9720
9840
9960
100800
102000

OO OO OO o

O OO OO OO OO OOoOOoOoo oo

105600

108200

111600

112800.
114000.
115200.

116400

117600.

118800
120000
0

120
240
360
480
600
720

OO OO O O

.0227340
.02274¢60
.0227580
.0227700
.0227820
.0227840
.0228060
.0228180
.0228300
.0228420
.0228540
.0228660
.0228780
.0228900
.0229020
.0229140
.0229260
.0229380
.0229500
.0229620
.0229740
.0229860
.0229980
.022101000
.022102200
103200.
104400C.
.021105800.
106800.
108000.

O oo

OO OO OO OO OO OO ooooooo

O

021103400

021104600

022107000

021110600

021114200

.047500
.043620
.040740

.0227360
.0227480
.0227500
.0z227720
.0227840C
.022796C
.022808C
.022820¢C
.022832C
.0228440
.0228560
.0228680
.022880C
.022892¢0
.0229040
0229160
.022928C
.0229400
. 0229520
.0229640
.0229760
.0229880
.022100C00
.022101200.
.022102400.
.021103600.
.021104800.

OO o o oo oo

o o OO O

&

O

O C O O oo

O

21106000

.021107200
022108200.
.021109400.
110400.
.021111800
021113000.
.021114400
021115400.
.021116600.
021117800.
.021119000.
.021
.00320 0
.098140 O
.049260 0
.045380 0.
0
0
0

022108400
0211095600

.021110800
.021112000

021113200

021115600

021118C00C
021119200

.56840 0
.082160 O
.046280 O
045400 C.
.047520 0O
.043640 O
.039760 O

.33260
.071180
.045300

.046540
.042660
.039780

.0227380 0.
0227500 0.
.0227620 0.
0227740 0.
.02278€0 0.
.0227980 0O
.0228100 0
.0228220 C.
.0228340 0
.0228460 O
.0228580 0
.0228700 O.
.0228820 0.
.0228¢240 0.
.0229000 C
.0229160 0.
0229300 0.
.0229420 0
.0229540 0.
.0229660 C
.0229780 0
.0229900 0©.
.022100200.
022101400.
021102600,
121103800,

n
0211050090

.021106200
.021107400.
.022108600.
.021109800.
.021111000.
.021112200.
.02111340¢0
.021114600.
.02111580¢0.
021116800.

21117000

021118200,
.021119400.

O O

>
o

046420

o O oo
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.02280C0
.0228120

.0228360

.0228480
.0228600

.022908¢0

.0229440

.0229680
.0229800

0227400
0227520
0227640
0227760
0227830

0228240

0228720
0228840
0228960

0229200
0228320

OO OO DO ODOOOOOTCOoOOooOo

(@]

0228560

O O O

0229920 0O

022100400.
022101600.
021102800.
021104000.
.02110520¢C
.022106400
021107600.
02210880CC.
021110060C0.
021111200.
021112400.
.021113600
021114800.
021116000.
.0211317200.
021118400.
021119600C.

.22280 0
.062200 O
.044320 0
.046440 0.
.046560 O
.041680 O
.0398C0 O

.0227420
.0227540
.0227660
.0227780
.0227900
.0228020
.0228140
.0228260
.0228380
.0228500
.0228620
.0228740
.0228860
.0228980
.0229100
.0229220
.0229340
.0229460
.0229580
.0229700
.0229820
.0229940 C.
022100600.
022101800.
021103000.
021104200.
.022105400.
.021106600.
022107800.
021109000.
021110200.
021111400.
021112600.
.021113800.
021115000.
021116200.
021117400.
021118600.
0211193800.

.160100
.056220
.044340

.045580
.041700
.038820

O SO OO OO IO OO OO IOODIODOOOOOO oo

047460

OO0 OO O oo

.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022
.022

022
022
022
021
021
021
021
022
021
021
021
021
021
021
021
021
021
021

.123
.052
.045
.047
.044
.040
.038



840

960

1080
1200
1320
1440
1560
1680
1800
1920
2040
2160
2280
2400
2520
2640
2760
2880
3000
3120
3240
3360
3480
3600
3720
3840
3960
4080
4200
4320
4440
4560
4680
4800
4920
5040
5160
5280
5400
5520
5640
5760
5880
6000
6120
6240
6360

oNeoNoReoNeoNeoNoNoNoRoNoNeoBoBoNolNoNoloNoNoNeoloNoNoNoNoNoNeoNoNoNoNoNoNeoNoNoNeoNoNeoNoNoNeoNoNoNeoNeolNe]

.037860

.035980

.0331100
.0311220
.0291340
.0271460
.0261580
.0241700
.0231820
.0221940
.0212060
.0202180
.0192300
.0182420
.0172540
.0172660
.0162780
.0152900
.0153020
.0143140
.0143260
.0133380
.0133500
.0133620
.0123740
.0123860
.0123980
.0124100
.0124220
.0114340
.0114460
.0114580
.0114700
.0114820
.0114940
.0115060
.0115180
.0115300
.0105420
.0105540
.0105660
.0105780
.0105900
.0106020
.0106140
.0106260
.0106380

.037880

.035100C0
.0331120
.0311240
.0291360
.0271480
.0261600
.0241720
.0231840
.0221960
.0212080
.0202200
.0192320
.0182440
.0172560
.0172680
.0162800
.0152920
.0153040
.0143160
.0143280
.0133400
.0133520
.0133640
.0123760
.0123880
.0124000
.0124120
.0124240
.0114360
.0114480
.0114600
.0114720
.0114840
.0114960
.0115080
.0115200
.0115320
.0105440
.0105560
.0105680
.0105800
.0105920
.0106040
.0106160
.0106280
.0106400

.037900

.0341020
.0321140
.0301260
.0281380
.0271500
.0251620
.0241740
.0231860
.0221980
.0212100
.0202220
.0192340
.0182460
.0172580
.0162700
.0162820
.0152940
.0153060
.0143180
.0143300
.0133420
.0133540
.0133660
.0123780
.0123900
.0124020
0124140
.0124260
.0114380
.0114500
.0114620
.0114740
.0114860
.0114980
0115100
.0115220
.01153490
.0105460
.0105580
.0105700
.0105820
.0105940
.0106060
.0106180
.0106300
.0106420
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O O O

OO oo oc oo oo oTco

.036920

.0341040
.0321160
.0301280
.028140C0
.0271520
.0251640
.0241760
.0221880
.0212000
.0212120
.0202240
.0192360
.0182480
.0172600
0162720
.0162840
.0152960
.0153080
.0143200
.0143320
.0133440
.0133560
.01336¢80
.0123800
.0123920
.0124040
.0124260
.0114280
.0114400
.0114520
.0114640
.0114760
.0114880
.0115000
.0115220
.0115240
.0115360
.0105480
.0105600
.0105720
.0105840
.0105960
.0106080
.0106200
.0106520
.0106440

el eleoBolololoBololoBeooBoNoBoNoNoNoNoNoNoNoNoNoNeoNoRoNoNoNeoNoNeoNoNoNoNoNoNoNoNoNoNoNoNoNe Ne!

.036940

.0341060
.0311180
.0301300
.0281420
.0261540
.0251660
.0231780
.0221900
.0212020
.020214¢0
.0192260
.0192380
.0182500
.0172620
.0162740
.0162860
.0152980
.0143100
.0143220
.0143340
.0133460
.0133580
.0133700
.0123820
.0123940
.0124060
.0124180
.0114300
.0114420
.011454¢0
.0114660
.0114780
.0114900
.0115020
.0115240
.0115260
.0105380
.0105500
.0105620
.0105740
.0105860
.0105980
.0106100
.0106220
.0106340
.0106460

O OO OO OOOoO0O0OOoooooo

OO O OO OO OO OO ODOOLOCOOOOCODOOOODOOOOOOOOOOoOO

.010
.010
.010
.010
.010
.010
.010
.010
.010
.010
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6480 0
6600

6960
7080
7200
7320
7440
7560
7680
7800
7920
8040
8160
8280
8400
8520
8640
8760
8880
9000
9120
9240
9360
9480
9600
9720
9840

OO OO O OO O OOoCooo

OO O OO oo oo

(&)

(@]

996C O.

100800
102000
103200
104400
105600
106800
108000
109200
110400
111600
112800
114000
115260
116400
117600
118800
120000

0.0106620
6720 O.
6840 0.

.0106500

o O

0106740
0106860
.0106980
.0107100
.0107220
.0107340
.0097460
.0C97580
.00977G0
.00978z0
.0097940
.0098060
.0098180
.0098300
.0098420
.0098540
.0098660
.0C98780
.0098900
.0099020
.0099140
.0099%260
.0099380
.00982500
.009%620
.0099740
.C08986C

OO OO oo

OO OO OO O OO OO OO oo

(@]

(o]

[

o O

.009101600
.009102200
.009103400
.009104600
.009105800
.009107000
.009108200
.009109400
.008110€00
.00811180C0
.008113000
.008114200
.008115400
.008116600
.008117800
.008119000
.008

0099980 0.

.0106520C
0106640
.0106760
.010688C
.0107000
.0107120
.0107240
.0107360
.0087480C
.0097600
.0087720
.0097840
.00875960
.0098080
.0098200
.0098320
.0098440C
.0098560C
.009868C
.0098800
.0098820
.0099040
.00881¢60C

-

e
o O

oo O

OO

o O O o

o O O o o

>

O o O OO

.609840C 0O

.009952C O

.009%¢64C 0.
.0099780 O
.0089300 C
009106CC0.
.009101200.
.002102400.
.009103€00.

.008976C C
.0099838C ©

.0091048060
.009106000
.009107200
.009108400
.0081094500
.008110800

.008112000.
.0081135200.
.008114400.
.008115600.
.008116800.
.0081180C00.
.008119200.

.0106540
.0106660
).0106780
.0106900
.0107020
.0107140
.0107260
.0107380
.0087500
.00927620
.0097740
.0097860
.0097980
.0098100
.0098220
.009834¢0
.00984¢0

.0098700
.0098820
.0098940
.0099C60
.0099180
0089280 0.
.0039420
.0099540

OO OO O C oo oo oo

OO O O o

98580

0029300

O OO C OO OO

0099660 ©

£09100200

008112200
008113400

.010650C
.0106680
.0106800
.0106920
.010704¢C
.010716C
.010728C
.0107400
.009752C
.009764C
.0097760
.0097880
.0098000
.0098120
.009824¢0
.0098360
.008848C
.009860C
.0098720
.009884¢C
.0098960
.0099080
.0099200
.009932C
.009944¢C
.009956¢C
.009968¢C
.0099800C
.009992¢C
.009100400
009101400.
009102600,
009103800.
.009105000.
.002106200.
.002107400.
.009108600.
.008109800.
.008111000C.
.0081124060
.00811360C
008114600.
608115800.
¢08117000.
008118200.
008119400.

SC OO OO OOOCOodOoCcoow

009101600
009102800
009104000
009105200
009106400
00910760C
00910880C
008110000
008111200

00811480C0
008116000
00811720G0
008118400
008119600

O OO OO OO OOmoo oo

.0106580
.0106700
.0106820
.0106940
.0107060
.0107180
.0107300
.0097420
.0097540
.0097660
.0097780
.0097900
.0088020
.0088140
.00982¢60
.0098380
.0098500
.0098620
.0098740
.0098860
.0098980
.0099100
.0099220
.0099340
.0099460
.0099580
.0099700
.0099820
.0099%4¢0 ©
.009100600
.009101800
.009103000
.009104200
.009105400
.009106600
.009107800
.009109000
.008110200
.008111400
.008112600
.008113800
.008115000
.008116200
.008117400
.008118600
.008119800

OO OO OO OC O OOOOD OO0 OO ODOOOOoOooOo

.010
.010
.010
.010
.010
.010
.010
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.009
.008
.008
.008
.008
.008
.008
.008
.008
.008
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T

COBRA Input File for UTOP Accident

99999

1 UTCOP Accident

1 30
Sodium Properties Omitted-See Appendix B

2 0 0 0 C 0 -1
.316 -.25 .316 -.25 .36 -.25 .316 -.25

3 23

0. 0..0277.2144.0555.3607.0833.5821.1111.8443.
.16661.307.19441.451.22221.544.25002.602.27771.615.
.33331.558.36111.475.38881.346.41661.157.4444,.9106.
0.500.3876.5277.2053.5555.1031.5577 0. 1. 0.

4 546 546 9

7 1 8lo 2 9

19.685 .346456  .0413385

8 271 271 2 1 9
9.250 0 00.17012.71 0 00.0159999.

9 1 3
172.2 300 3 0 0 0 0 0 0 0

219 900 200
10 0 0 0
.01

11 1 0 0 601 201 601

14.695 680. 5.098 L1779
0 1.0000.5 1.0001 ©.0001.5 1.0002 1.0002.5
3 1.0003.5 21.0004 2.0004.5  1.0005 1.0005.5
6 1.0005.5 1.06007 1.0007.5 1.0008 1.0008.5
9 1.0009.5 1.0001¢C 1.00010.5 1.00011 1.00011.5
12 1.00012.5 1.00013 1.00013.5 1.00014 1.00014.5
15 1.00015.5 1.00016 1.00016.5 1.00017 1.00017.5
18 1.00018.5 1.00019 1.00019.5 1.00020 1.00020.5
21 1.00021.5 1.00022 1.00022.5 1.00023 1.00023.5
24 1.00024.5 1.00025 1.00025.5 1.00026 1.00026.5
27 1.00027.5 1.00028 1.00028.5 1.00029 1.00029.5
30 1.00030.5 1.00031 1.00031.5 1.00032 1.00032.5
33 1.00033.5 1.00034 1.00034.5 1.00035 1.00035.5
36 1.00036.5 1.00037 1.00037.5 1.00038 1.00038.5
39 1.00039.5 1.00040 1.00040.5 1.00041 1.00041.5
42 1.00042.5 1.00043 1.00043.5 1.00044 1.00044.5
45 1.00045.5 1.0004¢ 1.00046.5 1.00047 1.00047.5
483 1.00048.5 1.00049 1.00049.5 1.00050 1.00050.5
51 1.00051.5 1.00052 1.00052.5 1.00053 1.00053.5
54 1.00054.5 1.00055 1.00055.5 1.00050 1.00056.5
57 1.00057.5 1.00058 1.00058.5 1.00059 1.00059.5
60 1.000.60.5 1.001061 1.00161.5 1.00162 1.00162.5
63 1.00163.5 1.001¢4 1.00164.5 1.00165 1.00165.5
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13881.099
30551.601
4722.6344

.000
.000

.. 000

.C00
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.001
.001
.001



66

69

72

75

78

81

84

87

90

93

96

929

102
105
108
111
114
117
120
123
126
129
132
135
138
141
144
147
150
153
156
159
162
165
168
171
174
177
180
183
186
189
192
195
198
201
204

e B R = T N S R S

e i i e e e o T B e e e e S B B B B T N = Y B S Gy S Gy O Ry S Ay

.00166.
.00269.
.00272.
.00275.
.00378.
.00381.
.00484.
.00487.
.00590.
.00693.
.00696.
.00799.

[G2RNG 2 ING BNG B IS BN B G RGN G B CA O |

.007102.
.008105.
.009108.
.009111.
.010114.
.011117.
.012120.
.012123.
.013126.
.014129.
.014132.
.015135.
.016138.
.017141.
.017144.
.018147.
.019150.
.020153.
.020156.
.021159.
.022162.
.022165.
.023168.
.024171.
.025174.
.025177.
.026180.
.027183.
.027186.
.028189.
.029192.
.029195.
.030198.
.031201.
.031204.

N N N L

[GEGNO NGO RGNGEGNG NG RGO NGNS NG NG NGNS NGNS NGO RO RGO NGNS NGO NGO NGOG NG NG NS NG NG NS e
i R e e e e e e e e e e S S B e O e W = S TS S E G W G R E N S

.00167

.00270

.00273

.00376

.00379

.00382

.00485

.00588

.00591

.00694

.00697

.007100
.008103
.008106
.009109
.0101z12
.010115
.0111:8
.012121
.012124
.013127
.014130
.015133
.015136
.016139
.017142
.017145
.018148
.019151
.020154
.020157
.021160
.022163
.023166
.023169
.024172
.025175
.025178
.026181
.027184
.027187
.028190
.029193
.029196
.030199
.031202
.031205

e i e e e e e e e e T T e R e e e e R e T T T R e R R e = T = SN S B S R S e

.00167.
.00270.
.00273.
.00376.
.00379.
.00482.
.00485.
.00588.
.00591.
.00694.
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COBRA Input File for EBR-11 X425

99999

1 EBR-II X425

1 30
Sodium Properties Omitted-See Appendix B

2 0 0 0 0 2 1
.1458.0363-.033.1430.0419-.044.1449.0067-.009.316 -.25
62.97216.9-190.44.40256.7-267.87.2638.59-55.1.316 -.25
1.66 0.3 0.3 0.0

3 11
0.0 0.00.039 0.0 0.040.5610.1230.6680.2060.715 0.290.715
0.3730.6680.4560.579 0.540.4140.540 0.0 1.0 0.0
4 126 126 9
7 1186 2 9
6.0 0.229921 0.042125
8 61 6l 2 1 9
9.250 0 00.37012.71 0 00.015 3e6.
9
29.5 0 0 0 0 ) 0 0 0 0 0 0
0.6
50 100
10 C 0 1
0.01
2.149
11 1 0
14.69595 ©98.0 3.214209 0.692642
12 2 1 5
1

1 7 19 37 61
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COBRA Input File for S-PRISM

99999
1
1

Sodium Properties Omitted-See Appendix B

2

s~prism

30

0

0

0 0 2 1

.1458.0363-.033.1430.0419-.044.1449.0067-.009.316 -.
62.97216.9-190.44.40256.7-267.87.2638.59-55.1.316 -.

1
3 15
0.0 0.0 0.25
0.350.9880.375
0.50.707 0.5
4 546 546
7 1 816
8.0
8 271 271
9.250 0 0
9
160.2 0 0
.6
160 100
10 0 0
0.01
2.107
11 1 0
14.69595
12 2 1
1

0.0 0.250.7070.2750.807
1.0 0.40.9880.4250.951
¢.0 1.0 0.0
9
2 9
0.293 0.05¢6
2 1
0.37012.71 0 00.015
0 0 0 0 0

699.8 2.542167 0.257257
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FEAST Input File for EBR-11 X425

6l

im= 50

na= 13

dt= 10.0

ptof= 1.0

rfo= 2.16e-03,2.1¢e
03,2.16e-03,2.16e-03,2

03

"FEAST-M: metal fuel

rci= 2.539%9-03
rco= 2.92e¢-03
rw= 0.535e-03

fgpav= 84000.0
ponds= 0.00635
1fu=

pco= 100000.0
tcin= 370.0
time=

.1

code”

03,2
be-0

.16e-03,2.16e-03,2.16e-03,2.16e-
3,2.16e~-03,2.16e-03,2.16e-03,2.16e~-

0.000E+00,0.198E+00,0.198E+00,0.329E+00,0.329E+00,0.344E+00,
0.344E+00,0.512E+006,0.512E+00,0.598E+00,0.598E+00,0.775E+00,0.77
5E+00,0.775E+00,0.7758+00,0.938E+00, 0.938E+00,0.101E+01,0.101E+0
1,0.105E+01,0.105E+01,0.105E+01,0.105E+01,0.107E+01,0.107E+01,0.
114E+01,0.114E+01,0.116E+01,0.116E+01,0.125E+01,0.125E+01,0.131E
+01,0.131+01,0.150E+01,0..50E+01,0.152E+01,0.153E+01,0.152E+01,

0.1525+01,0.158E+C1,0C.

198E+01,0.15858+01,0.158E+01,0.176E+01,0.17

6E+01,0.176E+01,0.176E+C1,0.190E+01,

0.190E+01,0.344E+01

dos= 5.02
“fre= 10.0

pres= 3.0e+11,3.0e+5%,10.

dtpeak= 0
tr= 0

0



Feast Input File for S-PRISM Driver Fuel

"FEAST-M: metal fuel code"

0

im= 2

na= 7

dt= 10.0
ptof= 2.0

rfo= 2.738e-03,2.738e-03,2.738e-03,2.738e-03,2.738e-
03,2.738e-03,2.738e-03

rci= 3.1613e-03

rco= 3.72e-03

rw= 0.711e-03

xpu= 0.19

xzr= 0.10

fgpav= 0.84E5

bonds= 6.35e-03

1fu= .145,.145,.145,.145,.145,.145,.145

pco= 1.0eb

tcin= 371.0

time= 0.000E+00,20.E+00

dos= 5.0

tfre= 10.0

pres= 3.0e+11,3.0e+5,10.0

dtpeak= 0

tr= 0
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Feast Input File for Parametric Study of Radial Blanket

"FEAST-M: metal fuel code"

0

im= 2

na= 7

dt= 10.0
ptof= 1.2

rfo= 5.023e-03,5.023e-03,5.023e-03,5.023e-03,5.023e-
03,5.023e-03,5.023e-03,

rci= 5.446e-03

rco= 6.005e-03

rw= 0.47e-03

xpu= 0.19

xzr= 0.10

fgpav= 0.84E5

bonds= 6.35e-03

lfu= .145,.145,.145,.145,.145,.145,.145

pco= 1.0eb5

tcin= 371.0

time= 0.000E+C0,20.E+00

dos= 5.0

tfre= 10.0

pres= 3.0e+11,3.0e+5,10.0

dtpeak= 0

tr= 0
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Feast Input File for Parametric Study ef Tight Pitch Breed and Burn Fuel

"FEAST-M: metal fuel code"

0

im= 2

na= 20

dt= 10.0C
ptof= 0.72

rfo= 3.747e-03,3.747e-03,3.7472-03,3.747-03,3.747e~
03,3.747e-03,3.747e-03, 3.747e-03,3.747e-03,3.747e-03,3.747e~
03,3.747e-03,3.747e-03,3.747e-03, 3.747e-03,3.747e-03,3.747e-
03,3.747e-03,3.747e-03,3.747e-03

rci= 4.72e-03

rco= 5.22e-03

rw= 0.711e-03

xpu= 0.0

xzr= 0.0%

fgpav= C.84E5

bonds= ¢.35e-03

1fu= .125, .125, .125, .125, .i25, .125, .1z5, .125, .125,
.125, .125, .125, .125, .125, .125, .12%, .125, .125, .125, .125

pco= 1.0e5

tcin= 360.0

time= 0.000E+00,40.E+00

dos= 5.0

tfre= 10.0

pres= 3.0e+11,3.0e+5,10.0

dtpeak= 0

tr= 0



